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This thesis studies mechanism involved in propagating force generated at cadherin complexes. 
The first part of this thesis demonstrates that mechanotransduction at classical cadherin 
complexes is not only ligand-dependent but also dependent on the respective receptor tyrosine 
kinase (RTK) binding partner of cadherin. This involvement of RTKs at cadherin complexes is 
important in propagating force transduction globally, implying that force transduction at cadherin 
complexes is not restricted to cell-cell junctions but is also propagated globally via the mediation 
of its respective RTK binding partner. These results suggest that homophilic ligation in trans- 
and cadherin association with cognate receptor tyrosine kinase in cis comprises a combinatorial, 
mechano-chemical switch. That is, specific combinations of cadherin, ligand, and RTK is 
required for force-activated RTK-dependent signaling, activation of cell contractility, and 
cytoskeletal remodeling at perturbed cadherin adhesions. These findings confirm that cadherins 
form both homophilic and heterophilic bonds, but homophilic cadherin ligation selectively 
triggers cadherin-associated RTK signals that mechanically reinforce homophilic, but not 
heterophilic cadherin adhesions, thereby stabilizing homophilic adhesions and amplifying 
binding differences. This study demonstrates that this mechano-chemical switch is not governed 
by cadherin adhesion differences, but requires a specific combination of cadherin ligand in trans- 
and RTK expression in cis to actuate force transduction signaling on rigid surfaces to propagate 
force transduction at a global level. 
For the second part of this study used novel, force-limited nanoscale tension gauges to 
investigate how force and substrate stiffness guide cellular decision-making during initial cell 
attachment and spreading on deformable substrates. The well-established dependence of cell 
traction and spreading on substrate stiffness has been attributed to levels of force exerted on 
molecular components in focal contacts. The molecular tension gauges used in this study enabled 
direct estimates of the threshold, pico Newton forces that instructed decision-making at different 
stages of cell attachment, spreading, and adhesion maturation. These results further confirm that 
the force thresholds controlling adhesion and spreading transitions depend on substrate stiffness. 
Reported findings agree semi-quantitatively with a proposed model that attributes rigidity-
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 1. Cells and force transduction 
1.1. Mechanotransduction at a glance 
Mechanotransduction is the conversion of a mechanical force into a biochemical response. The 
process involves force reception (recognition) and response. The role of proteins such as actin, 
myosin, and enzymes- has been well established in this context 
1,2
. Examples of 
mechanosensitive proteins can include, but are not limited to, membrane proteins (stretch-
activated ion channels, cadherins, gap junctions, growth factor receptors), cell-matrix adhesions 
(integrins, laminin), cytoskeletal components (actin microfilament, microtubule and intermediate 
filaments), nuclei (gene expression, ion channels, chromatin and lamins), extracellular matrix 
proteins (fibronectin, collagen, proteoglycans, basement membrane) and intracellular tension 
elements and myosin motors 
2,3
. These are some of the major known regulators of physiological 
responses to mechanical stimuli.  
Most of the mechano-sensors are expressed on cell surfaces to sense their physical 
environment
4,5
. Physical force exerted on these receptors can either cause conformational 
changes that activate biochemical signals or change protein conformations to enable the 
recruitment of certain molecules  
6,7





,  and differentiation
10
. Mechanotransduction specific signaling has a critical role in 
the maintenance of stressed tissues, muscle, bone, cartilage, and vessels
8
, directing stem cell fate 
9
 and cell morphogenesis 
10
.  
The inability to transmit force is a common cause of mechano-sensory related diseases. Defects 





 and cancer metastasis 
12
. The inability of force transmission between the ECM 
and the cytoskeleton or signaling molecules 
8
, results in delays or affects the signal threshold in 
producing the necessary conformation change required for activation of the mechano-sensory 
complex. Hearing loss is a specific example of a mechanotransduction related disease. Hair cells 
in the inner ear (stereocilia) respond to sound waves, and the resulting mechanical vibrations 
induce stereocilia deflections that produce electrochemical responses in the hair cells 
13
. The 
strain (deflection in the serially arranged hair cells) produce tension in the tip links that connect 
2 
 
the organized stereocilia, and this is thought to open up mechanically gated ion channels. Defects 
or mutations in tip links impair force reception causes a loss in hearing 
13
. 
1.2. Sites of mechanotransduction  
Within tissues, cell-cell and cell-matrix adhesions are both sites of mechanotransduction. 
Adhesion proteins anchor cells to the substrate and neighboring cells, and are sites of force 
transmission. Adhesion proteins and proteins in adhesion protein complexes are the force 









. The cadherin protein 
family mediates cell-cell adhesion in all tissues, and the integrin family forms cell-extracellular 
matrix adhesions.  
1.2.1 Cadherins: cell-cell adhesion molecules 
Cadherins comprise a large superfamily with over 350 members
17,18
 that are divided into 
subfamilies based on sequence similarity. These families include classical, desmosomal and 
proto-cadherins and a variety of other cadherin subfamily members that exhibit a wide range of 
activities and binding partners. In this thesis, the focus is restricted to the classical cadherins. The 
classical cadherins are the best-studied members of the superfamily (Fig. 1.1). The most defining 
feature of classical cadherins is the presence of a variable number of five, successive 
extracellular cadherin (EC-white ovals in Fig. 1.1) repeat domains (Fig. 1.1).  Each EC domain 
comprises approximately 110 amino acids. Each inter-domain junction binds three Ca
2+
 ions that 
rigidify the inter-domain junctions 
18–20
(Fig. 1.1).  
The extracellular domain of classical cadherins comprises five highly conserved EC domains 
(EC1–EC5)
19,21
. The names of type I and type II classical cadherins were based on the tissues 
within which they were first identified [e.g., type I, epithelial (E)-cadherin and neural (N)-
cadherin, type II vascular endothelial (VE)-cadherin and kidney (K)-cadherin]. However, their 
expression is not restricted to these tissues
22,23
.  
In classical cadherins, the EC1 domains engage in trans-interactions through the exchange or 
swap of their N-terminal β-strands
24
. Trans-(adhesive) interactions as shown in Fig. 1.1 involve 
the insertion of the conserved Trp2 residue in EC1 of one cadherin into the hydrophobic pocket 
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in the EC1 domain of the opposed cadherin. Such structure is referred to as the strand-exchange 
dimer
25
. Additional interactions formed by the residues flanking the Trp2 further stabilize and 
influence the cadherin binding specificity of this dimer. Also, other regions within EC1 
participate in lateral cis interactions with a region of the EC2 domain of a neighboring 
molecule
25
. Cooperativity between the trans-dimers and cis interactions is proposed to contribute 
to the stability of this assembly 
24
.  
Aberrant cadherin function at these cell-cell junctions can be a cause of many diseases.  For 
example, loss of E-cadherin expression or function contributes to the acquisition of an invasive 
phenotype in a wide range of epithelial tumor types
14
. E-cadherin downregulation is often 
associated with an upregulation of N-cadherin through a process known as ‘cadherin switching.’ 
Cadherin switching is thought to be a key event in epithelial-to-mesenchymal transition 
(EMT)—a developmental process in which epithelial cells lose their characteristic polarity and 
cell-cell junctions to become highly motile and invasive
14,26
. Recent evidence also suggests that 
there is a role for desmosomal cadherins in tumor suppression, and additional studies to 




 1.2.2 Cadherin mediated mechanotransduction  
Cadherin complexes are linked to the actin cytoskeleton of adjacent cells via a family of  
cytoplasmic proteins called catenins (see Fig. 1.1)
29
. The intracellular domain of cadherin binds 
β-catenin, which binds the actin-binding protein α-catenin
30
. The cadherin-catenin complex is 
known to passively and actively sense and respond to force across cell-cell adhesions
31
. Force 
transduction at the cadherin-catenin complex is mediated via α-catenin. In the absence of force, 
α-catenin molecule remains unfolded, however upon the application of force α-catenin molecule 
unfolds enabling the recruitment of actin via vinculin binding
32
 (Fig. 1.2). Mena/VASP  further 
enhances actin polymerization at these force-activated cadherin complexes, and this complex 
promotes actin polymerization to remodel the stressed junction 
33
.  
Studies by Leckband and coworkers showed that tension applied to cadherin junctions by 
inducing twisting torque on E-cadherin receptors on epithelial cells using E-cadherin-coated 
magnetic beads resulted in an increase in the stiffness of the bead-cell junctions. This stiffening 
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response was due to the recruitment of actin to the stressed junction along with the α-catenin-
dependent reinforcement of actin anchoring
34
. It was shown that cell-cell junctions strengthen in 
response to tension
35
. The origin of tension on cadherin adhesions can either be endogenous or 
exogenous. Endogenous forces result from contractility of the cytoskeleton, for example, 
whereas exogenous forces result from increased cell contractility of adjacent cells, pressure on 
tissues, cyclic stretching during inspiration, or increased fluid shear stress. Increased tension 
across cadherin adhesions causes the reinforcement of stressed cell-cell junctions through a 
process that involves recruitment of vinculin to the junctions 
34
. Vinculin remains in an auto-
inhibited conformation in the absence of tension, however, application of force results in 
exposure of vinculin tail domain, which results in actin binding to the tail domain. In addition to 
the tail domain, head domain is also exposed that binds various protein ligands, including α-
catenin
36
. Vinculin is typically associated with mature focal adhesions. Vinculin recruitment to 
cell-cell adhesions requires phosphorylation by Abelson (Abl) tyrosine kinase
37
. At junctions 
under tension, vinculin binds both activated α-catenin and actin, thus securing the cadherin-
catenin complex to the cytoskeleton (Fig. 1.2) 
34
. Mena/VASP, which is recruited to vinculin, 
further enhances actin polymerization at these force- activated cadherin complexes, and this 
complex promotes actin polymerization to remodel the stressed junction 
33
.  
More recent findings linked E-cadherin-mediated force-transduction signaling to vinculin 
targeting to intercellular junctions via epidermal growth factor receptor (EGFR) and 
integrins
38,39
.  This study showed that an EGFR-mediated kinase cascade mediates the force-
dependent recruitment of vinculin to force-activated -catenin via the activation of Abl kinases. 
The findings demonstrated that force loaded E-cadherin activates phosphoinositide-3-kinase and 
downstream integrins, via the aid of EGFR. Furthermore, integrin activation, which is 
downstream of EGFR signaling, controls Abl activation, thus linking E-cadherin to Abl through 
a mechanosensitive, signaling network. These findings were crucial in placing EGFR and 
integrins at the center of a positive-feedback loop. Through feed-forward signaling, force-
activated E-cadherin regulates vinculin recruitment to stressed cadherin complexes 
39
. 
1.2.3. Cadherin mechanotransduction and cell sorting 
Cadherin-mediated mechanotransduction is important for many cellular processes. Cell 
mechanics is known to play a key role in controlling cell and tissue morphogenetic movements 
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such as the extensive rearrangements during convergent extension
40
. Another crucial problem 
has been in understanding how fragmented early embryonic cells sort and aggregate back into 
their original germ layers
41
. Initially, it was thought that the differences in cell adhesion strength 
guided cell sorting
42,43
. However, the importance of cortical tension in cell sorting was 
demonstrated by Krieg and colleagues, who used atomic force microscopy to measure both cell-
cell cohesion and cell-cortex stiffness
44
. They demonstrated that the cortical tension had a greater 
impact on the ability of individual zebrafish progenitor cells to sort from the three primary germ 
layers
44
. In short, they demonstrated that cell-mechanics plays an important role in cell sorting. 
Initially, it was postulated that classical cadherins only form homophilic bonds 
45
.  But semi-
quantitative estimates of tissue surface tension and cell-cell adhesion
22,46
 as well as quantitative 
measurements of cadherin adhesion energies and solution binding affinities
23,24,47,48
  showed that 
cadherins form heterophilic and homophilic bonds. Even though cadherins form heterophilic 
bonds, force transduction across cadherin junctions is ligand-selective. That is, the amplitude of 
the mechanotransduction response depends on the identity of cadherin ligand. This means that 
homophilic (between identical cadherins), but not heterophilic (bonds between different cadherin 
subtypes) ligation mediates mechanotransduction, independent of the cadherin binding affinity
49
. 
However, recently a study suggested that force transduction at the heterophilic E-cadherin/N-
cadherin adhesion enables fibroblasts to drive cancer cell invasion
50
. 
Section. 1.2.2 discusses the α-catenin model of force transduction at cadherin complexes and 
how it invokes only local changes in the cytoskeleton. More recently global mechanism 
contributing to cadherin-mediated mechanotransduction was presented by Muhammed et al., 
where they linked E-cadherin-mediated force-transduction signaling to vinculin targeting to 
intercellular junctions via EGFR and integrins
39
. 
Chapter 2 will investigate similarities and differences in force transduction at the heterophilic 
and homophilic cadherin complexes (Fig. 1.3). Studies address the apparent contradictions 
between prior findings that homophilic and heterophilic binding affinities are not very different, 
and yet force transduction is dramatically different at homophilic versus heterophilic cadherin 
adhesions. 
 1.2.4: Integrins: Cell-extracellular matrix adhesion molecules  
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Integrins are proteins that function mechanically, by attaching the cell cytoskeleton to 
the extracellular matrix (ECM), and biochemically, by sensing ligation. The integrin family of 
proteins consists of alpha (α) and beta (β) subdomains, which form transmembrane heterodimers 
(Fig. 1.4). The α and β groups show no homology to each other. However, conserved regions are 
found among subtypes of both groups.  Integrins function as adhesion receptors for extracellular 
ligands and transduce biochemical signals into the cell, through downstream effector proteins. 
Integrins are also known to function bi-directionally, meaning that they can transmit information 
across cell membranes through both outside-in and inside-out signaling 
51
.  
 Of all of the integrin ligands, the RGD peptide is the best characterized and most studied 
integrin ligand 
52
. It is prevalent in multiple ECM proteins and serves as a binding site for 
multiple types of integrins, including α5β1, αVβ3, αVβ1, αVβ5, αVβ6, αVβ8, and αIIbβ3. The 
integrin receptors can thus bind to multiple ECM peptides. The integrin subtype involved in 
adhesion depends on the receptor surface expression level, the ECM peptide, the relative ligand 
availability, and the integrin affinity for the ligand. More will be discussed about RGD peptide 
binding to integrin and the activation of adhesion and spreading in chapter 3. 
1.2.5: Integrin-mediated mechanotransduction 
Focal adhesions are integrin-containing, multi-protein structures. Sites of focal adhesion form 
mechanical links between intracellular actin bundles and the extracellular matrix or substrate in 
many cell types. Local clustering of ligand-bound integrins is more important for efficient signal 
transduction compared to the average density of integrins 
1
. The minimum cluster area required 
for formation of focal adhesion is controlled by the interplay between adhesive force, 
cytoskeletal tension and the structural linkage that transmits them 
53
. These initial clusters of 




Actin–talin–integrin complexes stabilize both focal adhesions and stress fibers through the 





family kinases (SFKs) to integrin tails (Fig. 3) 
56
. While talin can further increase PIP2 
production and FAK activation 
57
, FAK reinforces clustering by promoting talin recruitment 
58
. 
Src-dependent actin polymerization is known to push the clusters outwards. 
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Subsequently, adjacent actin linked clusters are brought together in inwards direction by myosin 
II contractions. Acto-myosin contractility has also been shown to stretch talin 
59
, to reveal cryptic 
binding sites for other proteins, such as vinculin 
60
. This phenomenon has been shown to occur in 
living cells, with an integrin-talin-vinculin-actin link established in a stretch-dependent manner. 
Stretching of the substrate on which the cell was grown, resulted in vinculin accumulation at the 
focal adhesion site. This link was sufficient to arrest the retrograde flow of actin filaments and 
promote the formation of cellular protrusions 
61
. Hence, cycles of talin deformation, vinculin 
binding and release by the slipping actin filaments together contribute to the integration of the 
traction exerted on the substrate to biochemical signals 
59
. 
 Actin polymerization is also believed to precede the formation of integrin adhesions, for 
example through the direct interaction of vinculin with components of the actin polymerization 
module such as VASP 
33
 and Arp2/3 in a PI3K and Rac dependent manner 
62
. Rac is associated 
with lamellipodial extension and actin protrusion at the membrane, while the Rho GEF’s, namely 
LARG and GEF-H1, are activated indirectly with Rho kinase
63
. ROCK (Rho Kinase) indirectly 
activates actomyosin-based contractility by inhibiting the phosphatase activity of MLCK 
phosphatase 
64
. Cdc42, another GTPase, is believed to suppress Rho GTPase activity and thus to 
relieve the intracellular tension, to avoid stress-induced detachment of cell-cell adhesions 
65
. Rac 
and Rho activity is reciprocally correlated to contractility and actin dynamics in lamellipodial 
extension. Also, Src and FAK kinase activation are reported to activate each other and to induce 
MAPK, Erk, and Akt pathways 
66,67
. These molecules have direct significance in cancer by 
regulating gene expression, and their kinase-specific roles in adhesion imply a biomechanical 
role in cancer regulation. 
1.2.6: Integrin and cell adhesion 
Forces on focal contacts play a role in altering cell adhesion and cell spreading, particularly 
when they exceed force thresholds regulating underlying biochemical processes.
68,69
 A 
combination of forces exerted on integrin bonds and membrane tension experienced by the cell is 
postulated to regulate integrin-mediated cell adhesion and spreading in three phases. 
68,69
 The 
initial attachment phase (P0) involves ligation, which activates integrins. This phase occurs in 
the absence of sufficient tension as a result of which cells remain round. 
70
  Next, increased 
tension on focal contacts in turn activates the cell-spreading phase (P1). P1 is characterized by 
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the rapid, circumferential extension of lamellipodia which is accompanied by weak cell 
contractions.
69
 Membrane tension increases as a result of extension of excess membrane
68
. Once 
the cell spread area has increased to almost 60% of the final spread area, myosin II-dependent 
contractions are activated which signals the transition to the contractile phase (P2). The 
contractile phase of cell spreading is  distinguished from other phases of cell spreading by 
periodic contractions, postulated rigidity sensing, and focal adhesion (FA) maturation (Fig. 1.5). 
Integrin bond forces play a crucial role in phase transitions, which in turn may be influenced by 
substrate stiffness. In some cases, the forces actuating these changes were estimated using optical 
tweezers or measured changes in membrane tension
68,71
. However, in order to determine the 
force thresholds that activate cellular behavior external perturbations and biophysical approaches 
are required- which often lack the sensitivity to quantify relevant forces. In chapter 2, RGD-
modified Tension Guage Tethers (TGTs) were used to investigate the picoNewton threshold 
forces on individual integrin-ligand bonds required to support cell attachment, and to activate 
transitions in cell spreading and focal adhesion maturation on deformable hydrogel substrates. 
1.3. Questions addressed in this thesis 
This thesis describes studies of force transduction at the heterophilic and homophilic cadherin 
junctions via magnetic twisting cytometry (MTC). It also looks over the Akt phosphorylation 
upon the ligation of heterophilic and homophilic pairwise cadherin adhesions. The traction 
studies are performed to complement the MTC studies to address the possibility that bead/cell 
interactions may not reflect physiologically relevant stress. In this study, endogenous contractile 
forces pull at homophilic and heterophilic cadherin adhesions functionalized to hydrogels with 
varying stiffness (1.1 or 40kPa stiffness). Catenin studies using a FRET based conformation 
sensor are performed to test whether differences in adaptive stiffening might correlate with 
differences in force transmission and catenin conformation switching at homophilic versus 
heterophilic cadherin adhesions. Lastly, the first chapter of the thesis concludes with studies 
conducted in primary neurons to test the role of cadherin specific force transduction which is 
known to mediate neurite outgrowth. 
The second part of the study used novel, force-limited nanoscale tension gauges to investigate 
how force and substr ate stiffness guide cellular decision-making during initial cell attachment 
and spreading on deformable substrates. The molecular tension gauges used in this study enabled 
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direct estimates of the threshold, pico-Newton forces that instructed decision-making at different 
stages of cell attachment, spreading, and adhesion maturation. Lastly, it deals with how the force 
thresholding controls cell adhesion and spreading transitions depend on substrate stiffness.  
1.4. Methods used in this study 
1.4.1. Magnetic twisting cytometry (MTC) 
 Magnetic twisting cytometry (MTC)
2
  was used to test whether cadherin complexes transduce 
forces. MTC was used to apply force to cells through cell surface receptors, to monitor cells’ 
response to shear stress. Fig. 1.6 shows the schematic of the MTC setup. The electric coils 
around the sample generate the magnetic field, and the controller manipulates the field strength 
through a VisualBasic computer program. The cell-bound ferromagnetic beads are magnetized 
parallel to the plane of the cell by applying a large magnetic field pulse of 1 Tesla (Fig. 1.6). An 
oscillating twisting field applied orthogonally to the magnetization moment of the beads 
generates a torque T on the beads which causes the beads displacement D of the bead. The bead 
position is recorded from the bright field image.  
In our particular setup, beads were magnetized parallel to the cell monolayer by applying a 
magnetic field pulse (M) of 1 T for less than 0.1 ms. Oscillating magnetic field (H) with a 
frequency of 0.3 Hz and amplitude of 60 Gauss was then applied for 2 minutes, perpendicular to 
the cell monolayer. The oscillating field generates a twisting torque (τ) of ∼7.2 Pa (Fig. 1.6). The 
resulting displacement amplitude was a measure of the viscoelastic response of the bead-EC 
junction where the decay in the displacement amplitude indicates an increase in the stiffenss of 
the bead-EC junction.  
1.4.2. Traction force microscopy (TFM) 
Traction stresses exerted by single cells on elastomeric substrates were calculated using particle 
imaging velocimetry (PIV) and constrained Fast Fourier Traction (FFT) Microscopy
72
. In this 
thesis, the tractions developed by single epithelial cells on a deformable substrate are quantified 
and compared. Typically, substrates are polyacrylamide gels with embedded fluorescent beads 
that serve as fiduciary markers. The bead positions (ux, uy) when the cell is bound to the gel are 
acquired using a fluorescence microscope.  The strain free bead positions are determined after 
10 
 
the cells are detached from the substrate using trypsin or low concentrations of detergent. The 
new bead positions (ux2, uy2) after removing the attached cell are acquired. The 1032 x 1024 
pixel images are parsed into an array of 32x32 blocks. The relative displacement field of the 
bead is acquired by comparing the images of the bead positions before and after cell removal. 
The relative displacement of the beads and the elastic moduli of the hydrogels are used to 
calculate the traction stresses (σ), which are related to the bead displacements (u) by a tensorial 
version of Hooke’s law using the known elastic moduli (E) and Poisson’s ratio (υ) of the gel
73
. 
For experimental purposes, the chosen Poisson’s ratio is 0.48 for polyacrylamide gels.  
1.4.3. Fluorescence Resonance Energy Transfer (FRET) 
A fluorescence resonance energy transfer (FRET) based α-catenin conformation sensor
32
 is used 
to gauge the conformation of α-catenin, and hence monitors dynamic force transduction at 
cadherin junctions.  
 FRET refers to the non-radiative transfer of energy from an excited donor fluorophore to a 
lower-energy acceptor fluorophore with an excitation spectrum that overlaps with the emission 
spectrum of the donor. The excited acceptor then relaxes through photon emission 
(fluorescence). Thus when FRET occurs, excitation of the donor results in emission by the 
acceptor. The FRET efficiency (E) is the probability of donor relaxation occurring through FRET 
rather than other decay mechanisms. FRET efficiency depends on the distance (R) and the 
spectral overlap between the donor and acceptor
74
. The spectral overlap is typically quantified as 
a Fӧrster radius (R0), the distance at which the FRET efficiency is 50% for a particular 
donor/acceptor pair. Thus the FRET efficiency can be described by the following equation. 





The nanometer-scale proximity required for FRET typically indicates binding between the 




The FRET-based conformation sensor for α-catenin was developed by inserting enhanced cyan 
fluorescent protein (ECFP) and yellow fluorescent protein for energy transfer (YPet) into full-
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length α-catenin at positions flanking the force sensitive central M domain
32
. The FRET-based 
sensor is designed such that under lower tension, the α-catenin molecule adopts a folded 
conformation that results in a high FRET/ECFP (donor to acceptor emission) ratio. While when 
the α-catenin molecule is under tension, the separation between the two fluorophores increases, 
resulting in low FRET ratio (Fig 1.7).  
Real-time, force-induced activation of α-catenin was demonstrated in live cells expressing the α-
catenin conformation sensor. Studies in chapter 2 use of this sensor to determine the 





















Fig. 1.1: Diagram of cadherin-mediated cell-cell junctions. The intracellular domain of cadherin 
binds β-catenin (red), which binds the actin-binding protein α-catenin (blue and green). The 
cadherin-catenin complex links the actin cytoskeletons of adjacent cells. Force activated α-catenin 
recruits vinculin (pink), which further recruits actin at these force activated junction. 
 
Fig. 1.2: Force transduction at the cadherin-catenin complex is mediated via α-catenin. In the 
absence of force α-catenin molecule remains unfolded (top), however upon the application of 




Fig. 1.3: Schematic of (left) homophilic and (right) heterophilic cadherin junctions.  
 
 
Fig. 1.4: Schematic of a integrin-ECM junction. Integrin forms a heterodimer. Structural adaptors protein 
such as talin and tensin link integrins directly to the actin cytoskeleton. Talin-bound vinculin augments 












Fig. 1.5: Three different phases of cell attachment and spreading. P0 involves ligation which 
activates integrins. P1 is characterized by the rapid, circumferential extension of lamellipodia 
which is accompanied by weak cell contractions. P2 can be distinguished from other phases of 













Fig. 1.6: Schematic of the experimental MTC setup and time sequence of measurements. E-cad 
coated, ferromagnetic beads adhere to the apical surface of epithelial cells. Magnetized beads with 
a magnetic moment (M), are subjected to an oscillating, orthogonal magnetic field (H), which 
generates a torque (T) that displaces beads. Bead displacements are proportional to cell stiffness 
probed through bead-cell junctions. Upon application of a constant twisting torque (T), changes in 




























Fig.1.7: Schematic showing configuration of α-catenin FRET sensor under low force (top) 
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2. Mechano-selectivity: Cells’ barcoded guide to force transduction 
2.1.  Introduction 
Mechanotransduction is the conversion of a physical, mechanical force into biochemical signals. 
The process involves force reception (recognition) and response. Cells sense mechanical cues 
through a class of proteins that respond to mechanical forces by experiencing force-dependent 
conformation changes hence influencing cell’s biochemistry
75–77
. Mechanotransduction is critical 







Hence, to understand how forces govern physiology, development, and disease, it is critical to 
know the processes that govern mechanotransduction. 
Type I classical cadherins (Fig. 1.1) are a family of calcium-dependent, cell-cell adhesion 
molecules. This group of cadherins is highly conserved among all vertebrates and is composed of 
a series of five extracellular repeats, a single transmembrane domain, and a very highly 
conserved cytoplasmic domain
82
. The cytoplasmic domain forms an important functional linkage 
to the actin cytoskeleton through direct interaction with β-catenin, with α-catenin forming a 
bridge between β-catenin and actin
21,83
.   
Many tissue functions are is governed by the coordinated activities of cadherins and growth-
factor receptors. Cadherin provides spatial cues and transmit forces through intercellular 
junctions. Growth-factor receptors, particularly receptor tyrosine kinases (RTKs) respond to 
soluble biochemical signals from the environment. E-cadherin regulates contact-inhibited 
proliferation in epithelial tissues
84,85
. Cross talk between E-cadherin and the epidermal growth 
factor receptor (EGFR) regulates growth factor-dependent proliferation
86,87
. N-cadherin  can 
associate with fibroblast growth factor receptor  (FGFR), and seems to promote FGFR signaling 
by preventing FGFR internalization. N-cadherin cross talk with FGFR enhances FGFR-driven 
migration in breast tumor or fibrosarcoma cells
88
. 
 Cadherins were initially thought to mainly form homophilic bonds between identical cadherin 
subtypes, based on the tendency of cells expressing the same cadherin to co-aggregate in vitro
45
. 
However quantitative measurements of cadherin adhesion energies and solution binding 
affinities
23,24,47,48
 confirmed that cadherin subtypes cross-react, and some studies suggested that 
their relative adhesion energies might determine cell segregation patterns. However, comparisons 
29 
 
of cadherin-dependent, in vitro cell sorting with solution binding affinities and cadherin 
adhesion, suggest that adhesive differences were not sufficient to predict cell-sorting
22,23,48
. In 
particular, work by Krieg et al suggested that the cortical tension—that is the stiffness of the cell 
cortex—had a greater influence on cell sorting that cell-cell cohesion. 
The connection between cadherin-dependent sorting and cortical tension remained unclear for a 
long time. The recent discovery that cadherin complexes are intercellular force sensors suggests 
a cadherin-dependent mechanism that could bridge both the cadherin requirement for cell sorting 
and cadherin-mediated changes in cortical tension
31,34,89,90
. In a seminal study, Yonemura et 
al.  reported that α-catenin is a force transducer in cadherin complexes that undergoes a 
conformation change in response to increased tension at the cell-cell junction. As a response to 
the increased tension,  α- catenin exposes a cryptic site for the actin-binding protein vinculin. 
Vinculin recruitment to junctions recruits other proteins such as Mena/VASP protein family, 
which subsequently activate actin polymerization to reinforce intercellular junctions 
mechanicaly
91
. Until recently, this was the only identified force transduction mechanism at 
cadherin-based adhesions 
However, other studies have identified an additional intercellular force transduction mechanism 
that activates intracellular signaling. In endothelial tissues, vascular endothelial cadherin, 
vascular endothelial growth factor receptor 2 and platelet endothelial cell adhesion molecule-1 at 
inter-endothelial junctions enable fluid shear sensing
5
. Mechanically perturbing PECAM-1 
activates phosphoinositide 3-kinase (PI3K) and downstream integrins to increase Rho-dependent 
cell contractility
4
. Muhammed et al.
38
 demonstrated that force-loading E-cadherin activates a 
kinase cascade similar to that triggered by PECAM-1 in endothelial cells. 
Additionally, Bays et al. 
37
 reported that targeting vinculin to stressed E-cadherin adhesions 
requires vinculin phosphorylation at tyrosine 822 (Y822) by Abl kinase. More recently, a study 
linked E-cadherin -mediated force-transduction signaling to vinculin targeting to intercellular 
junctions via epidermal growth factor receptor (EGFR) and integrins
39
.  It demonstrated that 
EGFR-mediated kinase cascade controlled the force-dependent recruitment of vinculin to 
stressed E-cadherin complexes where vinculin targeting requires its phosphorylation at tyrosine 
822 by Abl kinase. 
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Earlier studies by Leckband and coworkers
92
 showed that mechanotransduction through cadherin 
adhesions is ligand-dependent such that homophilic, but not heterophilic ligation activates cell 
stiffening, independent of the cadherin binding affinity. The results demonstrated how cadherins 
may regulate the cortical tension that controls cell mechanics, cell shape, and cell sorting. 
Results presented in this chapter demonstrate that mechanotransduction at classical cadherin 
complexes is not only ligand-dependent but also dependent on the respective RTK binding 
partner of cadherins mediating cell-cell adhesion. Findings show that classical cadherin-mediated 
force transduction and cell stiffening depend on the correct combinations of RTK, cadherin 
receptor, and cadherin ligand. The absence of one or both of these requirements results in loss of 
cadherin-mediated mechanotransduction. Studies focus on the classical cadherins E-cadherin and 
N-cadherin, and more specifically on the interaction between N-cadherin and FGFR-1 in 
transducing forces across N-cadherin junctions. Results show that FGFR-1 is crucial for N-
cadherin mediated force transduction that actuates vinculin and actin recruitment at the force 
loaded homophilic N-cadherin junctions. Results from this study place the functional 
relationships between global receptor tyrosine kinase (RTK)-dependent and classical cadherin, at 
the heart of cadherin-mediated mechanotransduction along with junctional α-catenin-
conformation switching and vinculin targeting to force activated cadherin junctions.  
 
2.2. Material and methods 
2.2.1. Cell lines, protein production, and inhibitors 
Michigan Cancer Foundation-7 (MCF7) human epithelial breast carcinoma and immortalized 
C2C12 mouse myoblast cells were received from ATCC. The A431D cells were a gift from Prof. 
Keith Johnson (U of Nebraska, Lincoln), and were used as received.  A full-length human E-cad-
GFP plasmid (deposited by Dr. Jennifer Stow, Addgene plasmid #28009) was used to generate 









 cell lines were generated as described for A431D
Ecad GFP
 cells, by using a plasmid 
expressing E-cad-mCherry and N-cad. To construct the mCherry-E-cad, mCherry was amplified 
from a plasmid using SacII sense primer 5’- ATA TTA CCG CGG ATG GTG AGC AAG -3’ ( 
SacII restriction site in bold)and Xbal antisense primer 5’ GCT AGA TCT AGA TTA CTT 
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GTA CAG CTC -3’( XbaI restriction site in bold). The PCR product was ligated with the SacII 
and XbaI sites of the vector at C- terminal of human E-cad in pcDNA3.1 (obtained from 
Addgene, Jennifer Stowes lab plasmid # 28009.) 
The cells were selected for populations with similar median GFP or mCherry intensities, 
indicating comparable cadherin expression, using Fluorescence Activated Cell Sorting (FACS) 
(FACS ARIA II sorter, Edward R. Madigan Laboratory, Illinois). A431D
N-cad+FGFR
 stables cell 
lines were made by transfecting full length FGFR1 plasmid (Sino Biologicals) into stable 
A431D
N-cad
 cells and selected for cell populations with similar median GFP intensities using 
FACS.  The transfected cell lines were maintained using 200 μg/ml G418 (Teknova) and 200 μg 







were cultured in Dulbecco's modified Eagle's medium (DMEM 4.5 g/l glucose) supplemented 
with 10% (v/v) fetal bovine serum (FBS), 1 mM sodium pyruvate, 1% (v/v) penicillin–
streptomycin (Corning Cell Grow, Manassas, VA) and 200 μg/ml G418.  A431D
N-cad+FGFR
 were 
cultured in Dulbecco's modified Eagle's medium (DMEM 4.5 g/l glucose) supplemented with 
10% (v/v) fetal bovine serum (FBS), 1 mM sodium pyruvate, 1% (v/v) penicillin–streptomycin 
(Corning Cell Grow, Manassas, VA), 200 μg/ml G418 and 200 ug/ml Hygromycin B 
.Recombinant E-cadherin and N-cadherin extracellular fragment tagged with the C-terminal Fc 
domain of human IgG were produced as described previously
23
. The noncompetitive EGFR-
specific inhibitor gefitinib (IRESSA) and FGFR1-specific inhibitor BJ NVP-BGJ398 (S2183) 
were purchased from SelleckChem (Houstan, TX). 
2.2.2. Magnetic twisting cytometry (MTC) 
The Fc-tagged ecto domains of E-cadherin or N-cadherin modified ferromagnetic beads were 
incubated on confluent cell monolayers. After magnetizing the beads with an initial, brief 
magnetic pulse parallel to the cell plane, an orthogonal twisting torque was applied to the 
magnetized beads using an oscillating field of 60 Gauss at a frequency of 0.33 Hz. The twisting 
torque, T, generated a shear stress (force/area) of ~7.4 Pa on the membrane-bound cadherin 
receptors. To record the stiffening response the bead displacements, D, were imaged with an 
inverted microscope (Ziess) equipped with a 20x/0.6 NA objective. We determined the specific 
modulus G = Torque/D = G” + iG’, where G” and G’ are the viscous and elastic moduli of the 
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bead-cell junction. In these studies, G” is small, such that changes in G reflect changes in the 
elastic modulus and the junction stiffness. 
 
The beads were twisted for either 2 or 4 min resulting in a significant increase in cell stiffness 
consistent with previous reports
38,39,94
. In all cases, the bead coatings were optimized to both bind 
cells and undergo displacements sufficient to measure the viscoelastic moduli of bead-cell 
junctions
34,49,94
. For control experiments, beads were coated with poly-L-Lysine (PLL, Sigma 
St.Louis, MO). Cells were subjected to overnight serum starvation for serum-free experiments. 
To determine the stiffness of individual cells in MTC measurements, for each condition, at least 
150 beads on cells were analyzed to obtain sufficient statistics. 
 
2.2.3. Traction force microscopy (TFM)  
Traction force measurements used polyacrylamide hydrogels with Young's moduli of 40 or 1.1 
95
. Protein A (Sigma, St.Louis, MO) was immobilized by incubating 0.1mg/ml solutions with 
sulfo-SANPAH-activated gels for 30 min at 37°C. Protein A immobilization was followed by 
Fc-tagged E-cadherin extracellular domains (0.1 mg/ml), Fc-tagged N-cadherin extracellular 
domains (0.1 mg/ml) in immobilization buffer (100 mM HEPES, 100 mM NaCl, and 5 mM 
CaCl2 at pH 8) or DECMA1 (0.1 mg/ml) in phosphate buffered saline (PBS). For control 
experiments, sulfo-SANPAH-activated hydrogels were incubated with 0.1 mg/ml collagen type 1 
(Sigma, St Louis, MO) for 30 min at 37°C. After protein immobilization, the substrates were 
rinsed twice with 1× PBS, and sterilized by irradiation (365 nm), for at least 15 min, before 





 cells were harvested using 3.5 mM EDTA in PBS 
containing 1% (w/v) BSA
96




 onto hydrogels, and allowed 
to adhere and spread for 6 hours on polyacrylamide gels with embedded fluorescent 
microspheres at 37°C under 5% CO2. The root mean square (RMS) basal traction force (BTF) 
was determined from fiduciary bead displacements, relative to the traction-free bead positions 
measured after cell lysis by treatment with a sodium dodecyl sulfate solution. Constrained 
traction maps and the RMS traction stress (Pa; N/m
2




To quantify the amount of N-cadherin and E-cadherin immobilized on the polyacrylamide (PAA) 
hydrogels, the unbound cadherin and the subsequent two washes of the substrate with PBS 
containing calcium were collected and added to a 96-well polystyrene plate. After incubation for 
1 hour at 37 
o
C, the plate was washed and then incubated with 2% bovine serum albumin (BSA) 
in dPBS for 1 hour at 37 
o
C to block unspecific interactions. Then the wells were incubated with 
N-cadherin rabbit polyclonal antibody (1:600, ProteinTech Rosemont, IL ) and rat anti E-
cadherin antibody (DECMA-1, Sigma St.Louis, MO) overnight at 4 
o
C. After washing the 
samples, horse radish peroxidase (HRP)-conjugated anti-rabbit IgG and anti-rat IgG (1:10,000, 
Sigma Aldrich St.Louis, MO) was added to each well and incubated at room temperature for 1 
hour. A 3,3',5,5'-tetramethylbenzidine (TMB) ELISA substrate kit (ThermoFisher Waltham, 
MA) was used as a chromogenic substrate for HRP. After incubation for 20 min, the absorbance 
of each well was measured at 370 nm with a microplate reader (Tecan Infinite 200 PRO).  
2.2.4. Neurite outgrowth assays 
All procedures involving animals were reviewed and approved by the Institutional Animal Care 
and Use Committee at the University of Illinois Urbana−Champaign in accordance with the 
guidelines of the U.S. National Institutes of Health (Hee Jung Chung’s Protocols 10199 and 
12240). Embryonic cortical neurons were obtained from dissected cortices of rat embryos at 
18−19 gestation day (E18-E19). Cortices were incubated with 3 mg/mL protease 23 (Sigma 
St.Louis, MO) in 1× slice dissection solution (82 mM Na2SO4, 30 mM K2SO4, 10 mM HEPES, 
10 mM Glucose, 5 mM MgCl2, and 0.001% Phenol Red pH 7.4) for 10 min at 37 °C. The 
cortices were then washed with plating medium (10% FBS, 20% (w/v) glucose, 1% sodium 
pyruvate (100 mM), and 2 mM L-glutamine in MEM mixed with Earle’s BSS without L-
glutamine), and dissociated in 3 mL of plating medium into single cells via repeated pipetting. 
The dissociated cells were plated on 40 kPa and 1.1 kPa gels, immobilized with E-cadherin and 





After 6 hours, the gels were fixed for 30 min using 4% w/v PFA. Following permeabilization 
with 0.3% Triton-X in PBS for 15 min at room temperature, neurons were blocked with 5% goat 
serum diluted in PBS overnight, and sequentially incubated with primary and secondary 
antibodies. The primary antibodies used were rabbit polyclonal antibodies against neuronal 
marker microtubule-associated protein-2 (anti-MAP2, 1:200, CST Beverly, MA). Secondary 
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antibody used was Alexa Fluor 568 goat anti-rabbit (1:200, Ivitrogen Carlsbad, CA). The DIC 
and fluorescence images were acquired with laser-scanning confocal microscope (LSM700, 
Zeiss). 
2.2.5. Western blot analyses 
Western blots were used to assess changes in Akt phosphorylation during MTC measurements. 
Cells were cultured under reduced serum conditions (0.2 v/v% serum) for 12 hr before force-
loading N-cadherin receptors with either cadherin (E- or N-cadherin) or PLL modified magnetic 
beads with cells that were transfected with FGFR-1. Control cells did not express FGFR1. Other 
control cells were treated with serum for 5 min before collecting the lysate. After bead twisting, 
the cells were rinsed with PBS and lysed followed by the addition of sample buffer containing 50 
mM Tris-HCl, pH 6.8, 5% 2-mercaptoethanol, 2 % SDS, 0.01 % bromophenol blue, and 10 % 
glycerol. The samples where then boiled for 10 min and the supernatant was clarified by 
centrifugation before separating the proteins via SDS-PAGE  (140 Volts for 50 min)). A semidry 
western blot transfer was conducted using PVDF membrane at 15 Volts for 45 min. 
Subsequently the membrane was blocked with 5 w/v% BSA in TBST (10 mM Tris (pH 7.4), 150 
mM NaCl, 0.05 % Tween-20) for 1 hour at room temperature. The membrane was incubated at 
4°C overnight with rabbit anti-pAkt antibody (1:1000, CST Beverly, MA) and loading control 
mouse anti-actin (1:2000, BD Transduction Franklin Lakes, NJ) in TBS containing 5 % BSA. 
For the loading control, the samples were incubated at 4°C overnight with mouse anti-actin 
antibody (1:5000, BD Transduction Franklin Lakes, NJ) in TBS containing 5 % BSA. After 
incubation, the membrane was washed three times with TBST, incubated with horseradish-
peroxidase-conjugated anti-rabbit IgG (1:5000, Sigma St.Louis, MO) or anti-mouse IgG(1:3000, 
Promega) for 1 hour, and then quantified with an enhanced chemiluminescence system 
(Amersham, Arlington Heights, IL, USA). ImageJ was used to quantify differences in protein 
levels from densitometry scans. 




 cells, both the cell types 
were lysed, separated and transferred as mentioned above.  After blocking, the membrane was 
incubated at 4°C overnight with rabbit anti-FGFR1 antibody (1:1000, CST Beverly, MA) and 
loading control mouse anti-actin (1:2000, BD Transduction Franklin Lakes, NJ) in TBS 
containing 5 % BSA. After incubation, the membrane was washed thrice with TBST, incubated 
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with horseradish-peroxidase-conjugated anti-rabbit IgG (1:5000, Sigma St.Louis, MO) or anti-
mouse IgG (1:3000, Promega) for 1 hour, and then quantified with an enhanced chemi-
luminescence system (Amersham, Arlington Heights, IL, USA). ImageJ was used to quantify 
differences in protein levels from densitometry scans. 
2.2.6. Confocal immunofluorescence imaging 
Immediately after bead loading, cells were fixed with 4% (w/v) paraformaldehyde for 15 min at 
room temperature. Control cells were not subjected to bead twisting, but all conditions were 
otherwise identical. Cells were permeabilized with 0.1% Triton X-100 for 5 min, blocked in 1% 
(w/v) BSA for 20 min, and stained with primary antibody- rabbit anti vinculin (1:200, CST 
Beverly, MA) overnight, followed by rinsing, and treatment with secondary antibody goat anti-
rabbit texas red (1:200, Invitrogen Carlsbad, CA)- and phalloidin Alexa 647  (1:250, Life 
technology Carlsbad, CA) in 1% (w/v) BSA for 1 hour. The DIC and fluorescence images were 
acquired with laser-scanning confocal microscope (LSM700, Zeiss). Protein recruitment around 
the beads was analyzed using Image J, by drawing a ring around the cell bead junction and 
normalizing the intensity by subtracting the background intensity of the cell.  
At intercellular junctions, the α-catenin conformation was assessed with the conformation 
specific, anti-α-catenin α-18 antibody (1:150, gift from Akira Nagafuchi) followed by goat anti 
rat FITC (1:200, Invitrogen Carlsbad, CA). The α-18 staining was normalized by the total α-
catenin at the junctions that was stained with primary antibody- rabbit anti alpha catenin (1:200, 
Sigma St.Louis, MO) followed by goat anti rabbit texas red (1:200, Ivitrogen Carlsbad, CA). 
2.2.7. Single-cell FRET measurements 
To investigate changes in the α-catenin conformation following heterotypic versus homotypic 
cadherin ligation, we used MCF7 cells for E-cadherin junctions. These cells were transiently 
transfected using lipofectamine 2000 (Invitrogen Carlsbad, CA) with a FRET based α-catenin 
conformation sensor (Kim et al., 2015). Cells were seeded at density of 10^5 cells/ml. Glass 
slides were physiabsorbed with 0.02mg/ml of protein A (Sigma St.Louis, MO) followed by Fc-
tagged cadherin-(E- or N-cadherin, solution concentration 0.02 mg/ml). The proteins were coated 
at 37°C for an hour at each step followed by three time washes with PBS. For controls, the slides 
were coated with physiabsorbed proteins- 0.01 mg/ml of fibronectin (EMD Millipore Corp), 0.01 
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mg/ml of BSA(Sigma St.Louis, MO) or 0.01 mg/ml DECMA1 (Sigma St.Louis, MO) 
immobilized using physiabsorbed protein A . The FRET/ECFP ratio for the α-catenin FRET 
sensor was determined from fluorescence images obtained with a Zeiss Axiovert 200 inverted 
microscope (Beckmann Institute, University of Illinois). Regions of interest (whole cell) were 
analyzed with MetaFluor 6.2 imaging software, in order to quantify differences in the α-catenin 
conformation at cell-substrate adhesions. 
 
2.2.8. Shear flow adhesion assay 
 
1.0 mm internal diameter glass capillary tubes were coated overnight in a humidified chamber at 
4
o
C with 50µg/mL cadherin-Fc (E- or N-cadherin) in the presence of calcium. The capillary was 
subsequently blocked with 10mg/ml BSA for 2 hour at room temperature. The coated capillary 
was connected to a 60-cc syringe attached to a syringe pump (Harvard instrument, S. Natick, 
MA) and mounted on an inverted microscope. 
Cells were harvested and the concentration of cells was adjusted to 2 x 10
5
 cells per ml and either 
calcium or EGTA was added to a final concentration of 5mM. The adhesion assay was 
performed at room temperature. Cells were drawn into the coated capillary from a reservoir 
using the pump. After 1 min, the flow was stopped and the cells were allowed to bind to the 
surface under static conditions for 20 minutes. The number of cells in a x20 field was then 
counted. Flow was initiated and the number of cells remaining in the field was counted after 30 
seconds. Subsequently, the flow was increased every 30 seconds, and the number of cells 
remaining in the field was counted at the end of each time point.   
 
2.2.9. Statistics 
The mean ± s.e.m. are reported in the text and figure legends. P-values were calculated from 
two-tailed student's t-tests, using Microsoft Excel, with *p<0.05 defining statistically significant 
differences. The standard errors for a set of replicate experiments were calculated using the 
pooled standard deviations of each experiment, as indicated in the text and figure legends. The 
number of beads analyzed to assess protein recruitment (confocal immunofluorescence) or 
adaptive stiffening and the number of replicate experiments required for statistical significance 
were based on extensive prior studies
34,38,39,49,94
. Similarly, the number of traction force 
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2.3.1. Relative homophilic versus heterophilic cadherin adhesion 
In order to investigate the relative strength of homophilic versus heterophilic cadherin adhesion, 
we conducted shear flow assays with A431D cells that stably express N-cadherin (28 
cadherins/μm
2
) or E-cadherin (32 cadherins/μm
2
) at similar surface densities of. The first set of 
experiments quantified the relative adhesion of cells on Fc-tagged cadherin extracellular domains 
physisorbed to the inner walls of a glass capillary. After introducing the cells into capillaries 
coated with either E-cadherin-Fc or N-cadherin-Fc and allowing them to adhere to the walls, we 
quantified the number of cells adhering to the surface as a function of increasing flow rate (wall 
shear stress).   




 cells adhered to N-
cadherin coated capillary tubes.  The A431-D
N-cad
 cells all had detached at a lower shear stress (~ 
30 dynes/cm
2
) compared to A431-D
E-cad
 cells (~ 40 dynes/cm
2
). Furthermore, A431D control 
cells that do not express cadherin were completely detached above a shear stress of ~10 
dynes/cm
2 
(Fig. 2.1A). Conversely, when A431-D
N-cad
 cells and A431-D
E-cad
 cells were initially 
attached to E-cadherin coated capillary tubes, the A431-D
N-cad
 cells were completely removed at 
shear stresses above 30 dynes/cm
2
 compared to A431-D
E-cad
 cells, which were all detached above 
approximately 40 dynes/cm
2
 (Fig. 2.1B). In control studies used to assess nonspecific binding, 
EGTA was used to remove calcium, which is essential for cadherin ligation. This treatment 
resulted in the detachment of E-cadherin expressing cells at the lowest shear stress of ~10 
dynes/cm
2
 (Fig. 2.1B). Overall, these findings indicate that the relative adhesion strengths of 
pairwise cadherin bonds is roughly E-cad/E-cad > E-cad/N-cad > N-cad/N-cad, in qualitative 
agreement with prior reports. 
22,23,43,92
 
2.3.2. Magnetic twisting cytometry 
Magnetic twisting cytometry (MTC) measurements tested how differences in cadherin adhesion 
determined with the capillary flow assays correlate with cadherin-mediated force-transduction 
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(Fig. 2A). After 120 s of force-loading E-cadherin receptors on A431D
E-cad
 cells with E-cadherin 
coated beads, the cell stiffness increased by 16 ± 2 % (mean ± s.e.m, Fig. 2.2B), relative to the 
basal stiffness,. However, when A431D
E-cad
 cells were mechanically stimulated with beads 
coated with N-cadherin, the measured stiffness decreased slightly to -3.5 ± 0.2 %.  In controls, 
perturbing these cells with beads coated with the E-cadherin blocking antibody, DECMA1 
98
 
decreased the relative stiffness by -4.8 ± 3.4 %. The latter result demonstrates that simply 
tugging on cadherin receptors is insufficient to activate force transduction signaling. Together, 
these findings suggest that only homophilic cadherin bonds can activate cell stiffening.  
Prior work showed that EGFR is required for E-cadherin-mediated epithelial cell stiffening
39
.  
Therefore, we tested the role of EGFR in our measurements, by treating A431D
E-cad
 cells with 
gefitinib 
99
, a non-competitive EGFR inhibitor, prior to MTC measurements. Gefitinib pre-
treatment reduced the stiffening response measured with E-cadherin beads to 4 ± 4 %, in 
agreement with previous results
38,39
. These results are summarized in Fig. 2.2B.  
Similar behavior was observed with MCF-7 cells, which is a mammary epithelial cell line that 
expresses endogenous E-cadherin 
100
. Force-loading E-cadherin receptors with E-cad coated 
beads resulted in a 17 ± 5 % increase in cell stiffness, relative to the basal stiffness. However, 
there was no change in stiffness when these receptors were perturbed with either N-cadherin- or 
PLL-coated beads. Furthermore, gefitinib treatment also abolished the stiffening response, as 
observed with A431D
E-cad
 cells. The results obtained with MCF7 cells are in Fig. S1. 
To test whether N-cadherin expressed in A431D cells (A431-D
N-cad
) could similarly activate cell 
stiffening, A431D cells were engineered to stably express chicken N-cadherin at similar levels as 
E-cadherin expression in A431D
E-cad
 cells. However, perturbing these cells with N-cadherin 
beads gave a lower stiffening response of 4 ± 4 % (ncells=200, Nexp=2). Moreover, perturbing 
A431-D
N-cad
 cells with E-cadherin coated beads resulted in a stiffness change of -0.7 ± 5% 
(nbeads=238, Nexp=2).  A431D cells overexpress EGFR 
101
, but only express very low levels of 
FGFR, as confirmed by Western blot (Fig. 2.2D). N-cadherin does activate adaptive stiffening in 
other cells that express FGFR-1; namely, force loading N-cadherin receptors on C2C12 cells 
with N-cadherin beads resulted in a 30 ± 5 % increase in cell stiffness. However, perturbing 
C2C12 cells with E-cadherin or PLL coated beads did not trigger stiffening. Furthermore, 
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pretreating C2C12 cells with the FGFR inhibitor BGJ-398 abolished stiffening triggered with N-
cadherin beads (Fig. S1). 
N-cadherin receptors could not activate force transduction in A431-D
N-cad
 cells, and we reasoned 
that it may require a different RTK interaction in cis. Prior studies indicated that N-cadherin 
interacts with fibroblast growth factor receptor one (FGFR-1), but not with EGFR
88
. To test 
whether FGFR expression could rescue N-cadherin-mediated adaptive cell stiffening in A431D 




). The FGFR1 
expression was verified by Western blot (Fig. 2D). Perturbing A431-D
N-cad+FGFR
 with N-cadherin 
beads triggered a 17 ± 4 % (nbeads= 200, Nexp=2) increase in stiffness, relative to basal levels (Fig. 
2C). In contrast, when the same cells were perturbed with E-cadherin beads, the stiffening 
change was -4.3 ± 0.3 %, which was significantly lower than when the cells were perturbed with 
N-cadherin beads (p < 0.0005; nbeads=300, Nexp=2). We confirmed that the reconstituted, N-
cadherin-mediated force transduction response was FGFR-1 dependent, by showing that the 
FGFR inhibitor-BGJ398 
102
 reduced the stiffening response by A431-D
N-cad+FGFR 
cells to 5 ± 2 %, 
which is significantly lower than untreated cells (p <0.005; nbeads =300, Nexp=2). When A431-D
N-
cad+FGFR 
cells were force loaded with either control poly-L-lysine (PLL)- or E-cadherin-coated 
beads, the resulting stiffness changes were, respectively, 0.7 ± 3 % (nbeads=148 , Nexp=2) and -4.3 
± 1 % (nbeads=298 , Nexp=2). 
In order to ensure that the increased stiffening response determined with A431-D
N-cad+FGFR 
cells 
was not due to FGFR-1-dependent changes in the N-cadherin binding function, additional shear 




 cells, which express 
similar levels of N-cad, exhibited similar adhesion under flow (Fig. 2.1C).  Thus, the expression 
of FGFR-1 affects N-cad mediated force transduction, but not its adhesive function. 
2.3.3. Mechanically stimulated homophilic, but not heterophilic bonds activates vinculin 
and actin recruitment 
We previously demonstrated that mechanically perturbing E-cadherin receptors on MCF7 or 
MDCK cells with E-cadherin beads triggers the activation of PI3K, in an EGFR-dependent 
manner
38,39
. To determine whether heterophilic ligands could trigger the same response, we 
transiently transfected MCF-7 cells with ph-Akt-GFP—a location reporter for active PI3K. After 
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stimulating the cells with E-cadherin or N-cadherin coated beads, we then quantified the 
fluorescent intensity in regions of interest around the beads, with and without 240 seconds of 
force-loading.  Twisting E-cadherin beads triggered a 71 ± 10% increase in ph-Akt-GFP around 
the beads, relative no-load controls (Fig. 2.3B, C). Actin also increased by 76 ± 9% at force-
loaded E-cad beads, relative to the no-load controls. However, ph-Akt-GFP and actin 
accumulation at force-loaded N-cad beads were 15 ± 6 % higher and 9 ± 4 % lower, respectively 
relative to no load controls.  Thus, the ph-Akt-GFP and actin accumulation at heterophilic -N-
cadherin beads was significantly lower than homophilic E-cadherin beads (p < 0.0005; nbeads = 
50, Nexp = 2)(Fig. 2.3B, C).  
Vinculin recruitment to force-activated α-catenin at cadherin complexes is a hallmark of 
intercellular force transduction
34,90,103,104
. To determine whether homophilic or heterophilic 
ligands could trigger vinculin recruitment, we stained for vinculin at force-loaded E-cadherin or 
N-cadherin coated beads, and quantified the fluorescent intensity in regions of interest around the 
beads, with and without 240 seconds of force-loading.  Twisting E-cadherin beads triggered a 61 
± 5% increase in vinculin around the beads, relative to no-load controls (Fig. 2.3B, C). However, 
vinculin accumulation at force-loaded N-cad beads was 28 ± 4 %.  Thus the vinculin recruitment 
was 72 % lower at heterophilic N-cadherin beads compared to force loaded E-cadherin beads (p 
< 0.0005; nbeads = 50, Nexp = 2) (Fig. 2.3D, E).  
We tested whether vinculin and actin recruitment to N-cadherin bead-cell junctions requires 
FGFR-1, by using confocal immunofluorescence imaging to quantify the force-dependent 
accumulation at perturbed N-cadherin bead-cell junctions on A431D
N-cad
 cells. To determine the 
impact of FGFR inhibition on actin and vinculin recruitment, studies used cells pretreated with 
the FGFR inhibitor BGJ398 or A431D
N-cad
 cells that express low levels of FGFR.  
Mechanically stimulating N-cadherin on A431D
N-cad+FGFR 
cells with N-cadherin beads resulted in 
a 64 ± 4 % increase in vinculin, relative to no-load controls. By contrast, vinculin accumulation 
at E-cadherin beads was 3 ± 1% lower than no-load controls. Thus, vinculin accumulation at 
heterophilic adhesions was significantly lower (p <0.005, nbeads = 50, Nexp = 2). Similarly, 
perturbing N-cadherin beads resulted in a 42 ± 8 % increase in actin, relative to no-load controls. 
However relative actin accumulation at perturbed E-cadherin beads was 5 ± 6 % higher than no 
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load controls. Thus, actin accumulation at force loaded heterophilic adhesions was significantly 
lower (p <0.005, nbeads = 50, Nexp = 2). 
Pretreating A431D
N-cad+FGFR 
cells with the FGFR inhibitor BGJ398 significantly reduced force-
dependent vinculin and actin accumulation at homophilic N-cadherin adhesions, relative to 
untreated cells. After force-loading inhibitor-treated A431D
N-cad+FGFR 
cells, the vinculin and actin 
levels increased by 9 ± 4 % and 4 ± 3 % relative to no load controls. In comparison with 
untreated cells, inhibitor treatment reduced force-dependent vinculin accumulation by 72 ± 4% 
(p <0.005, nbeads = 50, Nexp = 2) and actin accumulation at N-cadherin beads by 53  ± 3 % (p 
<0.005, nbeads = 50, Nexp = 2). These results are summarized in Fig. 2.4C and in Table 2. 
2.3.4. Receptor tyrosine kinases modulate traction forces exerted via homophilic cadherin 
bonds 
 To address the likelihood that bead-cell interactions do not reflect physiological stress at cell-
cell junctions, we performed complementary traction force measurements to test for cadherin 
ligand and RTK-dependent differences in endogenous contractile stress. Other studies have 
shown that mechano-responses to exogenous force parallel substrate rigidity sensing
1
. This study 
quantified rigidity-dependent traction forces exerted by cells adhered to immobilized cadherins 
on hydrogels with Young’s moduli of 1.1 or 40kPa.  
 N-cadherin-mediated traction forces were higher on stiff gels (40 kPa) coated with N-cadherin, 
relative to E-cadherin, but there was no apparent ligand-dependent cell traction on soft 1.1 kPa 
gels.  In traction measurements of A431D
N-cad+FGFR 
cells seeded on N-cadherin-coated 40 kPa 
poly-acrylamide (PAA) gels, the A431D
N-cad+FGFR 
cells exerted a root mean squared (RMS) 
traction of 185 ± 20 Pa on N-cadherin coated gels. This value was significantly higher than the 
100 ± 14 Pa traction exerted by A431D
N-cad+FGFR
 cells on E-cadherin coated substrates (p 
<0.0005, ncells=12, Nexp=2) (Fig. 2.5B).  However, on E-cadherin-coated 40 kPa PAA gels, the 
RMS exerted by A431D
N-cad
 cells, which express negligible FGFR levels (Fig. 2.2D) was 84 ± 
10 Pa (ncells=12, Nexp=2). Additionally, the same cells on N-cadherin-coated 40 kPa PAA gels 
exerted an RMS traction of 88 ± 15 Pa on (p > 0.05; ncells=12, Nexp=2). On the soft hydrogels (1.1 
kPa), A431D
N-cad+FGFR 
cells exerted a RMS traction of 5.3 ± 1.8 Pa on N-cadherin substrates and 
5.1 ± 1 Pa on E-cadherin coated substrates. These values are statistically similar (p >0.05, 
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ncells=8, Nexp=2) (Fig. 5B). Likewise, A431D
N-cad 
cells exerted an RMS traction stress of 4.2 ± 0.8 
Pa on N-cadherin-coated gels and a similar value of 5.8 ± 1.3 Pa on E-cadherin coated substrates 
(p >0.05, ncells=8, Nexp=2). Thus, the traction stresses were much lower on the softer gels, and 
appeared to be ligand-independent, within experimental error.  
Cells expressing E-cadherin also generated ligand-dependent traction stresses on stiff but not on 
soft, cadherin-coated hydrogels. Fig. 2.5C shows that on E-cadherin-coated 40 kPa gels, 
A431D
E-cad
 cells exerted a significantly higher RMS traction of 160 ± 20 Pa (ncells=9, Nexp2) 
compared to 82 ± 4 Pa measured on N-cadherin coated gels (p <0.0005; ncells=9, Nexp2). The 
traction stress measured on E-cadherin coated, 40kPa gels decreased to 77 ± 4 Pa upon gefitinib 
treatment compared to untreated cells  (p <0.005; ncells=9, Nexp=2, Fig. 2.5C). On DECMA1-
coated control substrates, the E-cadherin-mediated traction stress at 108 ± 7 Pa was lower, in 
comparison to cells on E-cadherin-coated 40 kPa gels (p <0.05; ncells=8, Nexp=2). Cells on 
collagen coated 40kPa gels exhibited similar traction stresses, in the presence and absence of 
gefitinib (Fig. S2). Altogether, these data support the notion that EGFR function significantly 
enhances traction stresses on homophilic relative to heterophilic E-cadherin adhesions . 
2.3.5. Differences in α-catenin unfurling at heterophilic versus homophilic junctions 
At cadherin complexes, α-catenin is a demonstrated force transducer that undergoes a force-
dependent conformational change (activation)
34,90,103,104
. To test for α-catenin activation at 
homophilic and heterophilic cadherin adhesions, we transfected MCF-7 cells with a fluorescence 
resonance energy transfer (FRET) based α-catenin conformation sensor 
32
. α-catenin activation 
results in a conformation change that reduces the FRET/ECFP ratio; hence, increases in the 
FRET/ECFP ratio correspond to lower tension on cadherin junctions, and on α-catenin in 
particular (Fig. 2.6B, right panel).   
Figure 2.6A compares the FRET/ECFP ratios at the basal plane of MCF-7 cells adhered to E-
cadherin- or N-cadherin-Fc immobilized on protein-A coated glass substrates. Modified ELISA 









, respectively. The FRET/ECFP ratio measured on E-cadherin 
substrates was 1.03 ± 0.1 (ncells=23, Nexp=3) and 1.22 ± 0.05 (ncells=23, Nexp=3) on N-cadherin 
coated substrates. Hence, the FRET/ECFP ratio for cells on N-cadherin (heterophilic adhesion) 
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was 18 % higher than on E-cadherin surfaces (homophilic adhesion) (p < 0.0005; ncells=23, 
Nexp=3). The mean spread areas of MCF-7 cells were 685 ± 31 μm
2 
(ncells=40, Nexp=3) and 560 ± 
27 μm
2
 (ncells=43, Nexp=3) on E-cadherin and N-cadherin-coated surfaces, respectively. Thus, 
MCF-7 cells spread 16 % more on homophilic E-cadherin than on N-cadherin surfaces (p < 
0.005). Thus, cells attached via homophilic E-cadherin ligands spread more and increased α-
catenin activation than on heterophilic ligands (Fig. 2.6B, left panel).   
In order to ensure that the FRET/ECFP ratios reflected differences at the protein level, we 
compared the FRET/ECFP ratios in cells seeded on fibronectin (FN) or PLL coated substrates. In 
the latter cases, the MCF-7 cells bound and spread on the substrates, and the spread areas on FN 
and PLL were, respectively 690 ± 40 μm
2
 (ncells=40, Nexp=2) and 760 ± 50 μm
2
 (ncells=44, 
Nexp=2).  In cells on the FN and PLL substrates, the measured FRET/ECFP ratios were 1.20 ± 
0.07 (ncells=15, Nexp=2) and 1.30 ± 0.04 (ncells=15, Nexp=2), respectively. On FN and PLL 
substrates, the respective FRET/ECFP values were 19 ± 1 % (p< 0.0005) and 26 ± 7 % (p< 
0.0005) higher than MCF-7 cells on E-cad substrates, indicating that α-catenin is under higher 
tension on E-cadherin.   
In an additional control, cells were plated on protein A-coated glass surfaces modified with the 
anti-E-cad antibody DECMA1. In this case, the FRET/ECFP ratio was 1.19 ± 0.04, which is 16 ± 
4 % higher than on E-cadherin substrates (p <0.005; ncells=13, Nexp=2), but similar to the values 
measured with cells on N-cadherin and FN (p > 0.05; ncells=13, Nexp=2).  In gefitinib treated 
MCF-7 cells on E-cadherin substrates, the FRET/ECFP ratio was 1.20 ± 0.03 , which is 17% 
higher than untreated cells (p <0.005 ncells=17, Nexp=2). Gefitinib treatment also reduced the 
average cell area to 548 ± 20 μm
2
, which is 20 % lower than untreated cells (p< 0.0005; ncells=37, 
Nexp=2). These results demonstrate that heterophilic ligation and EGFR function enhances 
spreading and force generation at E-cadherin adhesions.  
The MCF-7 cells FRET results were verified by immunostaining with an anti-α-catenin antibody 
α-18, which recognizes an epitope close to the vinculin binding site that is unmasked upon α-
catenin activation 
90
. Immunofluorescence ratios of α-18 to total α-catenin are thus indicative of 
relative populations of activated αcatenin. Here, higher α-18 to α-catenin ratio indicates greater 
α-catenin activation.  
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The measured α-18/α-catenin ratio was 1.14 ± 0.05 (ncells= 38, Nexp=2) on E-cadherin and 0.86 ± 
0.02 (ncells= 43, Nexp=2) on N-cadherin (Fig. 2.6C).  Thus, there was a 23 % decrease in the α-
18/α-catenin ratio for N-cadherin coated surfaces compared to E-cadherin coated surfaces (p< 
0.0005; ncells= 43, Nexp=2). Gefitinib treatment reduced the α-18/α-catenin ratio determined with 
cells on E-cadherin surfaces to 0.99 ± 0.03, which was 12 % less than the untreated cells (p < 
0.0005; ncells= 40, Nexp=2). On FN and PLL coated surfaces, the α-18/α-catenin ratio was 0.97 ± 
0.02 and 0.77 ± 0.03, respectively. The latter α-18/α-catenin ratios are 14% (p < 0.0005; 
ncells=44, Nexp=2) and 31% (p < 0.0005; ncells= 17, Nexp=2) lower than in cells on E-cadherin 
substrates (Fig. 2.6C). These results agree with the trends measured with the α-catenin 
conformation sensor. 
We similarly determined the α-18/α-catenin ratios in A431D
N-cad+FGFR 
cells, because the GFP-
FGFR-1 interferes with the FRET measurements.
 
The α-18/α-catenin ratio determined with cells 
on N-cadherin substrates was 1.37 ± 0.03 (ncells= 38, Nexp=2) and 0.77 ± 0.03 (ncells= 45, Nexp=2) 
on E-cadherin substrates. Hence, the α-18/α-catenin ratio was 44 % lower in cells on heterophilic 
(E-cadherin) versus homophilic (N-cadherin) ligand ( p < 0.0005; ncells= 45, Nexp=2). The spread 
area of A431D
N-cad+FGFR 
cells on N-cadherin substrates was 845 ± 43 μm
2
 (ncells= 38, Nexp=2) and 
311 ± 12 μm
2
 (ncells= 45, Nexp=2) on E-cadherin substrates. Thus, N-cadherin expressing cells 
also spread 63 % less on heterophilic versus homophilic cadherin ligand (p <0.00005; ncells= 45, 
Nexp=2).  
To test whether FGFR-1 affects α-catenin activation levels, we plated A431D
N-cad 
cells on N-
cadherin coated surfaces. In addition, A431D
N-cad+FGFR 
cells were treated with BGJ398 prior to 
seeding on N-cadherin coated substrates. The measured α-18/α-catenin ratio was 0.70 ± 0.01 for 
A431D
N-cad
 cells (ncells= 50, Nexp=2) and 0.75 ± 0.01 (ncells= 39, Nexp=2) for inhibitor-treated 
A431D
N-cad+FGFR 
cells. These values are 48 % (A431D
N-cad
 -p <0.0005; ncells= 50, Nexp=2) and 45 
% (A431D
N-cad+FGFR
 -p <0.0005; ncells= 39, Nexp=2) lower than untreated A431D
N-cad+FGFR
 cells, 
but statistically similar to each other (p > 0.05; ncells= 39, Nexp=2).  
Loss of FGFR-1 function similarly reduced N-cadherin-mediated cell spreading. The spread area 
of A431D
N-cad
 cells on was 336 ± 32 μm
2
 (ncells= 50, Nexp=2) and the spread area of inhibitor-
treated cells was 315 ± 13 μm
2
 (ncells= 39, Nexp=2). Hence, cells spread 60 % (A431D
N-cad
-p 
<0.0005; ncells= 50, Nexp=2) and 62 % (A431D
N-cad+FGFR





 cells on N-cadherin substrates. These findings indicate that α-catenin 
is under higher tension and in a more extended conformation at homophilic versus heterophilic 
N-cadherin adhesions, when cells express functional FGFR-1. However, loss of FGFR-1 
function reduced the tension on α-catenin and differences in force transduction (α-catenin 
unfurling) between heterophilic and homophilic adhesions. 
In additional controls, A431D
N-cad+FGFR 
cells were grown on FN and PLL. The α-18/α-catenin 
ratio for A431D
N-cad+FGFR 
cells on FN and PLL was, respectively, 0.79 ± 0.01 (ncells= 39, Nexp=2) 
and 0.47 ± 0.01 (ncells= 45, Nexp=2). These values are 41 % (FN-p < 0.0005; ncells= 39, Nexp=2) 
and 65 % (PLL-p < 0.0005; ncells= 45, Nexp=2) than in cells on N-cadherin substrates. The 
average area of A431D
N-cad+FGFR 
cells on FN was 1300 ± 45 (ncells= 39, Nexp=2) and 830 ± 45 
(ncells= 45, Nexp=2) on PLL. Hence, the spread area increased by 53 % on FN ( p < 0.0005; ncells= 
39, Nexp=2) and remained unchanged on PLL coated surfaces relative to cells on N-cadherin 
substrates (p >0.05; ncells= 45, Nexp=2) .  
2.3.6. FGFR1 signaling enhances N-cadherin dependent neurite outgrowth 
 To test the broader implications of our findings with engineered epithelial cells, we further 
investigated the role of cadherin specific force transduction in primary cells. Previous studies 
showed that N-cadherin supports calcium-dependent cell adhesion and promotes neurite 
outgrowth on N-cadherin presenting substrates 
105
. In order to test whether neurite outgrowth on 
N-cadherin substrates was rigidity dependent, we cultured primary hippocampal neurons on PAA 
hydrogels with elastic moduli of 1.1kPa or 40kPa that were modified with either E-cadherin or 
N-cadherin ectodomains (Fig. 2.7A).  
Initial neuron attachment efficiencies on 40 kPa substrates were ligand-dependent., we saw that 
neuron attachment per imaging area on E-cadherin decorated substrates was reduced to by 80 % 
compared to 124 ± 11 neurons/mm
2
 from 640 ± 77 neurons/mm
2
 on N-cadherin coated substrates 
(p < 0.0005, Nexp=2) (Fig. 7B). Likewise, FGFR1 inhibitor treatment reduced cell attachment per 
imaging area by approximately 80% to 118 ± 14 neurons/mm
2
 (p <0.0005, Nexp=2) compared to 
untreated cells on N-cadherin coated substrates but did not affect the number of cells attached on 
hydrogels decorated E-cadherin, which was 80 ± 11 neurons/mm
2
. This data implies that FGFR1 
is important for N-cadherin mediated cell adhesion but not for neuronal adhesion on E- cadherin 
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coated substrates. Treating the neurons with N-cadherin specific antibody at the time of seeding 
resulted in 17 ± 8 neurons/ mm
2
, confirming that the adhesion is N-cadherin specific. Adding 
anti-integrin antibody did not alter the neuron outgrowth, additionally proving the extension to 
be N-cadherin specific (Fig. S3). 
 Next, we tested whether neurite extensions are ligand and rigidity dependent. On 40 kPa N-
cadherin coated gels, the average neurite length was 30 ± 2μm which was 38 ± 4 % (p <0.0005) 
higher than the average length of 18 ± 1.1 μm on E-cadherin coated 40 kPa gels (Fig. 7C). On 
1.1 kPa N-cadherin coated gels, the average neurite length was 17 ± 2μm which was 37 ± 4 % (p 
<0.005) higher than the average length of 10 ± 1.4μm on E-cadherin coated 1.1 kPa gels 
However, when the neurons were treated with BGJ398, the extensions reduced by 42 % to an 
average value of 17.2 ± 0.9 on 40 kPa substrate and by 58 % to 5.5 ± 0.4 μm on 1.1 kPa 
substrate. Inhibitor treatment of neurons on E-cadherin coated 40 kPa PAA gels did not affect 
neurite extension compared to untreated neurons. These results suggest that pairwise N-cadherin 
ligation with N-cadherin in presence of FGFR1 is important for neurite extension and rigidity. 
Furthermore, they suggest that N-cadherin-FGFR interaction is essential for N-cadherin 
mediated force transduction and the physiological processes governed by this relationship 
including neurite outgrowth. 
2.4. Discussion 
These results suggest that homophilic ligation in trans- and cadherin association with cognate 
receptor tyrosine kinase in cis comprise a combinatorial, mechano-chemical switch. That is, 
specific combinations of cadherin, ligand, and RTK appear to be required for force-activated 
RTK-dependent signaling, activation of cell contractility, and cytoskeletal remodeling at 
perturbed cadherin adhesions. This postulate is based on three main observations.  
First, cells that express the appropriate functional RTK preferentially attach to homophilic 
cadherin ligands, independent of the pairwise cadherin adhesion strength. In addition, neurons 
attach more efficiently to N-cadherin versus E-cadherin substrates and extend longer neurites on 
N-cadherin-coated (homophilic) surfaces. However, in flow assays, N-cadherin/N-cadherin 
adhesion is weaker than N-cadherin/E-cadherin adhesion. The relative strengths of E-cadherin 
and N-cadherin adhesion determined in flow assays (Fig. 2.1) agree with prior kinetics 
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measurements, flow assays, and molecular force measurements. MCF-7 cells, which express 
EGFR and E-cadherin attach preferentially to E-cadherin coated substrates (Fig. 2.6G), 
independent of the cadherin binding affinities or adhesion strength. Similar results were obtained 
with A431D cells that expressed either E-cadherin or N-cadherin with the corresponding RTK. 
Additionally, inhibiting EGFR or FGFR, or the loss of expression, reduced cell attachment 
efficiencies (Fig. 2.6G,E), but not the cadherin adhesion strength. 
Second, force activated cell stiffening requires specific cadherin/RTK cross-talk. Recent reports 
show that E-cadherin-dependent cell stiffening requires EGFR signaling, which in turn triggers 
cell contractility through integrins and also appears to regulate vinculin and actin recruitment to 
cadherin adhesions
38,39
. New findings presented in this work show that N-cadherin-mediated 
adaptive stiffening, and the local accumulation of actin and vinculin that reinforce the adhesions 
requires FGFR-1. Prior reports indicated that FGFR-1 binds N-cad in cis at the cell surface
106
. In 
breast cancer cells, N-cadherin reportedly retains FGFR-1 at the plasma membrane, resulting in 
sustained MAPK-ERK signaling, increased MMP-9 gene expression and tumor invasion 
88
.  
Prior studies demonstrated that E-cadherin associates with EGFR, but not with FGFR-1
88,106
. 
Conversely, N-cadherin reportedly associates with FGFR-1, but not with EGFR. Our 
reconstitution of N-cadherin force transduction in A431D cells and the use of specific inhibitors 
to block either EGFR or FGFR function demonstrate that these same cadherin/RTK pairs also 
mediate force transduction signaling.  
Third, in MTC studies, cadherin-mediated cell stiffening requires homophilic ligation, 
independent of cadherin binding affinities or measured cell adhesion. This finding agrees with 
prior evidence from this group, based on studies with three different cadherin subtypes and 
twelve different cell lines
23,34,48,49
. These results, and prior studies with VE-cadherin 
demonstrated that merely tugging on cadherins with heterophilic ligands or with anti-cadherin 
antibodies does not activate stiffening
94
. Based on these findings we speculate that homophilic 
cadherin ligation is an allosteric switch that regulates force-dependent RTK signaling at cadherin 
adhesions. 
Despite their different mechano-chemical responses, heterophilic and homophilic cadherin 
adhesions are under tension. FRET and α-18 immunostaining measurements showed greater α-
catenin unfurling in cells on cadherin substrates than in control cells on fibronectin or PLL (Fig. 
48 
 
2.6). This is consistent with a report suggesting that heterophilic cadherin adhesions are also 
mechanically active
50
. However, the activated α-catenin population was lower (higher FRET, 
lower α-18 staining) on heterophilic cadherin substrates, regardless of the pairwise cadherin 
binding affinities or adhesion. Likewise, RTK inhibition or the absence of RTK expression 
reduced α-catenin activation to similar levels as in cells attached via heterophilic bonds. 
Comparisons of the cell areas confirmed that α-catenin activation differences are independent of 
spreading. Therefore, homophilic and heterophilic cadherin adhesions are under tension, but cells 
exert higher traction on homophilic bonds, resulting in greater α-catenin unfurling. 
Cadherin-mediated traction forces were consistently higher in cells adhered to homophilic 
ligands, when they expressed the same cadherin/RTK combinations that supported adaptive 
stiffening in bead twisting measurements. Additionally, loss of RTK expression or function 
reduced traction forces to levels measured on heterophilic substrates. Cells attached to 
heterophilic ligands or anti-cadherin antibody also generate traction (Fig. 2.5D; Fig. 2.6G,H), but 
the RTK amplifies mechanical differences between homophilic and heterophilic cadherin 
adhesions. These findings parallel the MTC results. 
In MTC measurements, measured stiffening derives primarily from actin accumulation and cell 
contractility.  The role of EGFR or FGFR-1 in regulating cell tractions is less clear. Cadherin 
ligation activates GTPases, which regulate actin remodeling and junction stabilization
1
. RTKs 
also regulate GTPase activity, but their role in junction formation and stability is more 
complex
107
.  For example, EGFR can contribute to epithelial junction stability, but it can also 
phosphorylate junctional proteins, resulting in destabilization
108
. Earlier studies demonstrated 
that FGFR1 and N-cad coordinate to regulate neurite outgrowth via activation of PLCγ 
105
, which 
is also thought to regulate cancer cell motility and invasion
109,110
. Determining the mechanism 
linking cadherin adhesion, RTK activity, and cell traction is beyond the scope of this study. 
Nevertheless, these results demonstrate the E-cadherin and N-cadherin coordinate with EGFR 
and FGFR-1, respectively to amplify mechanical differences between heterophilic and 
homophilic cadherin adhesions that in turn result in the selective stabilization of homophilic 
contacts. 
Cadherin mechanoselectivity is apparent on stiffer gels and on glass, but not on soft gels. This is 
not due to differences in cadherin surface densities, as the modified ELISA results show. A 
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possible explanation is that cells may generate insufficient traction on soft substrates to actuate 
RTK signals. This would be analogous to stiffness dependent spreading on extracellular matrix 
proteins, although the mechanisms undoubtedly differ. Further studies will test behavior at 
intermediate substrate stiffness, and compare α-catenin activation under the different conditions.  
Substrate rigidity sensing on cadherin substrates does not appear to be determined solely by 
cadherin biochemistry. Traction forces were higher on stiffer substrates, regardless of whether 
the substrate coating also triggered cell stiffening in MTC studies. Cells bound to the cadherin-
function-blocking antibody DECMA-1 also exerted rigidity-dependent traction.  This behavior is 
consistent with evidence that the cytoskeleton itself is mechano-sensitive. Theoretical models 
suggest that the cytoskeleton is an active material that adapts to the extracellular matrix stiffness, 
when coupled through mechanical linkages. Experimental findings similarly suggest that 
viscoelastic coupling between the cytoskeleton and extracellular matrix regulates cytoskeletal 
organization and cell mechanics. In these cases, the mechanical adaptation of cells to their 
environment requires mechanical coupling, but not active, biochemical feedback by the 
mechanical linkages.    
Our findings are in accordance with the previous model of catenin-based force transduction
90
. 
α-catenin is essential for force transmission and transduction, because it links cadherin to the 
cytoskeleton, enabling force transmission, and docks vinculin to facilitate actin remodeling. Our 
results demonstrate that RTKs are also components in the cadherin force-transduction 
machinery. However, it is important to point out that we focus on EGFR and FGFR-1 in this 
study, but E- and N-cadherin also interact with other RTKs. E-cadherin associates with Met and 
insulin growth factor receptor, when overexpressed
107
. Similarly, N-cadherin also interacts with 
platelet derived growth factor receptor
26
. The potential force sensitivity of alternative 
cadherin/RTK pairs has yet to be explored, but some findings hint at possible context-dependent 
mechanical functions. For example, VE-cadherin interacts with vascular endothelial growth 
factors 2 and 3 in different regions of the vascular tree, to determine the fluid shear stress at 
which endothelial cells align with flow
3,5
.  
There are several prior reports that cells selectively adhere to homophilic substrates, and that 
cells expressing different cadherin subtypes segregate away from each other in vitro and in vivo.  
Such observations contributed to the widespread view that cadherins are homophilic binding 
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proteins. However, the latter postulate was contradicted by biophysical studies of isolated 
extracellular domains that demonstrated that cadherins, and N- and E-cadherin in particular, form 
heterophilic and homophilic bonds with modestly different affinities. Our findings may resolve 
these apparent contradictions. Results presented here confirm that cadherins form both 
homophilic and heterophilic bonds, but homophilic cadherin ligation selectively triggers 
cadherin-associated RTK signals that mechanically reinforce homophilic, but not heterophilic 
cadherin adhesions, thereby stabilizing homophilic adhesions and amplifying binding 
differences. The important findings in this study demonstrate that this mechano-chemical switch 
is not governed by cadherin adhesion differences, but requires a specific combination of cadherin 


















2.5.Table and figures 
Cell Bead Load Protein Intensity (a.u.) 
A431D
N-cad+FGFR
 N-cad Yes Actin 18.85 ± 1.02 
Vinculin 9.05 ± 1.54 
No Actin 11.03 ± 1.54 
Vinculin 3.40 ± 0.83 
N-cad +BGJ398 Yes Actin 8.03 ± 0.79 
Vinculin 3.39 ± 0.78 
No Actin 8.45 ± 0.69 
Vinculin 2.54 ± 0.87 
E-cad Yes Actin 10.78± 1.31 
Vinculin 2.69 ± 0.45 
No Actin 9.80 ± 1.24 
Vinculin 2.92 ± 0.46 
PLL Yes Actin 9.87 ± 0.96 
Vinculin 2.44± 0.48 
No Actin 9.87 ± 0.96 
Vinculin 2.44 ± 0.48 
A431D
N-cad
 N-cad Yes Actin 8.26 ± 1.89 
Vinculin 2.48 ± 0.51 
No Actin 7.88 ± 2.01 
Vinculin 2.24 ± 0.49 
 




























Fig. 2.1: Proportion of cells attached plotted versus shear flow. (A) On N-cad coated surface, 
cells expressing N-cad (A431D
N-cad
) sheared off faster than cells expressing E-cad (A431D
E-
cad
). Control cells expressing no cadherin- A431D- sheared off at the fastest rate. (B) On E-cad 
coated surface, expressing N-cad (A431D
N-cad
) sheared off faster than cells expressing E-cad 
(A431D
E-cad
). Control cells - A431D
E-cad
- treated with EGTA sheared off fastest. (C) On N-cad 
coated surface, cells expressing N-cad (A431D
N-cad
) sheared off at the same rate compared to 
cells expressing N-cad and FGFR- A431D
N-cad+FGFR
.Control cells expressing no cadherin- 

























Fig. 2.2: Homophilic ligand and RTK activates cadherin mediated stiffness response. (A) 
Schematic of the experimental MTC setup and time sequence of measurements. E-cad 
coated, ferromagnetic beads adhere to the apical surface of epithelial cells. Magnetized 
beads with a magnetic moment (M), are subjected to an oscillating, orthogonal magnetic 
field (H), which generates a torque (T) that displaces beads. Bead displacements are 
proportional to cell stiffness probed through bead-cell junctions. Upon application of a 
constant twisting torque (T), changes in the bead displacement reflect changes in the cell 
stiffness. (B) Longitudinal measurement of percent stiffness change over a period of 2 
min of A431D
E-cad
 cells probed with magnetic beads modified with different cadherin 
subtypes. Beads were modified by E-cad (black squares) or N-cad (black circles). Cells 
were treated by gefitinib (hollow upright triangle) or DECMA1 (hollow inverted 
triangle). (nE-cad=259, nN-cad=168, nE-cad+gefitinib=226, nE-cad+DECMA1=136, p < 0.0005). (C) 
Longitudinal measurement of percent stiffness change over a period of 2 min of A431D
N-
cad+FGFR
 cells probed with magnetic beads modified with different cadherin subtypes. 
Beads were modified by N-cad (black squares), E-cad (hollow inverted triangle) or PLL 
(black upright triangle). Cells with negligible levels of FGFR1, A431D
N-cad
, perturbed 
with N-cad coated beads ( hollow circle)or cells expressing FGFR1, A431D
N-cad+FGFR
, 
treated with BGJ398 (black rhombus). (nN-cad+FGFR=200, nN-cad(no FGFR)=150, nPLL=148, nE-
































Fig. 2.3: (A) Confocal images of phase, PI3K and actin channels of the bead-cell(MCF-7) 
junctions acquired using 40x objective. Bead cell junctions include force loaded and 
unloaded homophilic-E-cad/ E-cad junction and force loaded and unloaded heterophilic- E-
cad/N-cad junctions (Scale bar= 8 μm). (B,C) Quantification of the PI3K and actin 
accumulation at the junctions mentioned in part b.(nE-cad+load=nE-cad-load=nN-cad+load=nN-cad-
load=42, p <0.0005). (D) Confocal images of vinculin channel. Bead cell junctions include 
force loaded and unloaded homophilic-E-cad/ E-cad junction and force loaded and 
unloaded heterophilic- E-cad/N-cad junctions (Scale bar= 8 μm). (E) Quantification 
vinculin accumulation at the above mentioned junctions. .(nE-cad+load=nE-cad-load=nN-cad+load=nN-

























Fig. 2.4: FGFR is integral for activating N-cad mediated force transduction. (A) Confocal 
images of phase, vinculin and actin channels of the bead-cell(A431D
N-cad+FGFR
) junctions 
acquired using 40x objective. Bead cell junctions include force loaded and unloaded 
homophilic-N-cad/ N-cad junction and force loaded and unloaded heterophilic- N-cad/E-
cad junctions, negative control- BGJ398 treated cells and non-specific binding control- 
PLL coated beads (Scale bar= 8 μm). (B) Confocal images of phase, vinculin and actin 
channels of the bead-cell(A431D
N-cad
) junctions acquired using 40x objective. Bead cell 
junctions include force loaded and unloaded homophilic-N-cad/ N-cad junctions. (C) 
Quantification of background subtracted actin and vinculin accumulation at the perturbed 
junctions. (From left to right) perturbing with N-cad coated beads, cells with minimal 
levels of FGFR- A431D
N-cad
, negative control- BGJ398 treated cells, heterophilic ligand- 



























Fig. 2.5:  Traction force microscopy (A) Schematic of immobilizing Fc-tagged cadherin on poly-
acrylamide (PAA) hydrogel. Protein A is crosslinked on the hydrogel using sulfo-SANPAH chemistry. 
Cadherin ecto-domain is then linked through the Fc-tagged which immobilizes on protein-A, using 
which cells attach on the hydrogel substrate. (B) Constrained traction maps of single cells. (Top) 
A431D
N-cad+FGFR 
exerts higher traction on Ncad coated 40 kPa hydrogel versus (bottom) A431D
N-cad
. (C) 






nA431DNcad/Ncad/40kPa= nA431DNcad/Ecad/40kPa= 13, nA431DNcad+FGFR/Ncad/1.1kPa= nA431DNcad+FGFR/Ecad/1.1kPa= 
nA431DNcad/Ncad/1.1kPa= nA431DNcad/Ecad/1.1kPa= 9, p <0.0005). (D) Quantification of traction measured on 40 kPa 





treated with gefitinib and A431D
E-cad
 on DECMA1.( nA431DEcad/Ecad/40kPa= nA431DEcad+Gefitinib/Ecad/40kPa= 
nA431DEcad/Ncad/40kPa= nA431DEcad/DEMA1/40kPa =8, p<0.005, nA431DEcad/Ecad/1.1kPa= nA431DEcad+Gefitinib/Ecad/1.1kPa= 





 Fig. 2.6: (A) Schematic of immobilizing Fc-tagged cadherin on poly-acrylamide (PAA) hydrogel. 


























Fig 2.6 (Cont.) Cadherin ecto-domain is then linked through the Fc-tagged which 
immobilizes on protein-A, using which cells attach on the hydrogel were decorated 
with either N-cadherin (homophilic ligand) or E-cadherin (heterophilic ligand). The 
cells were seeded in absence or presence of FGFR inhibitor. Homophilic ligand in 
absence of inhibitor results in the most cell adhesion on glass hollowed by 40 kPa and 
1.1 kPa hydrogels.(B) Left: Quantification of whole cell (MCF-7-primarliy expresses 
E-cad) FRET/CFP intensity ratio on glass substrate. Conformation sensitive FRET 
sensor reveals that, α-catenin is more unfolded at homophilic E-cad/E-cad interface 
versus heterophilic E-cad/N-cad interface. Controls were done using fibronectin, PLL 
and DECMA1 coated surfaces. (nE-cad=nN-cad=22, nFN=46, nPLL=15, nDECMA1=15  , 
p<0.005). Right: Schematic showing configuration of α-catenin FRET sensor under 
low force (top) and high force (bottom). (C) α-18/α-catenin ratio confirming the 
findings by conformation sensitive FRET sensor. Quantification of  MCF-7 whole cell 
α-18/α-catenin ratio on glass decorated with cadherin.  It shows the α-catenin is more 
unfolded at homophilic E-cad/E-cad interface versus heterophilic E-cad/N-cad 
interface. Controls were done using fibronectin, inhibitor gefitnib, PLL. (nE-cad=40  nN-
cad=44, nFN=44, nPLL=16, ngefitnib=44  , p<0.0005). (D) Quantification of  A431D
N-
cad±FGFR
 whole cell α-18/α-catenin ratio on glass decorated with cadherin.  It shows the 
α-catenin is more unfolded at homophilic N-cad/N-cad interface versus heterophilic 
N-cad/E-cad interface. Controls were done using fibronectin, inhibitor-BGJ398, PLL. 
(nN-cad=38,  nE-cad=44, nFN=38, nPLL=44, nBGJ398=38, p<0.0005). (E) Quantification of 
MCF-7 whole cell area on glass decorated with cadherin.  It shows that cells are more 
spread at homophilic E-cad/E-cad interface versus heterophilic E-cad/N-cad interface. 
Controls were done using fibronectin, inhibitor gefitnib, PLL. (nE-cad=40  nN-cad=44, 
nFN=44, nPLL=16, ngefitnib=44  , p<0.0005). (F) Quantification of  A431D
N-cad±FGFR
 whole 
cell area on glass decorated with cadherin.  It shows the α-catenin is more unfolded at 
homophilic N-cad/N-cad interface versus heterophilic N-cad/E-cad interface. Controls 
were done using fibronectin, inhibitor-BGJ398, PLL. (nN-cad=38,  nE-cad=44, nFN=38, 
nPLL=44, nBGJ398=38, p<0.0005).(G) Quantification of MCF-7 cells attached on glass, 
40 kPa hydrogel and 1.1 kPa hydrogel. These substrates were decorated with either E-
cadherin (homophilic ligand) or N-cadherin (heterophilic ligand). The cells were 
seeded in absence or presence of EGFR inhibitor. Homophilic ligand in absence of 
inhibitor results in the most cell adhesion on glass hollowed by 40 kPa and 1.1 kPa 
hydrogels. (H) Quantification of A431D
N-cad+FGFR
 cells attached on glass, 40 kPa 
hydrogel and 1.1 kPa hydrogel. These substrates were decorated with either N-
cadherin (homophilic ligand) or E-cadherin (heterophilic ligand). The cells were 
seeded in absence or presence of FGFR inhibitor. Homophilic ligand in absence of 




























Fig. 2.7: Neurite extension assay (A) Confocal images acquired at of DIC and MAP2 
channels of neurons grown on 40 kPa PAA gels decorated with N-cad, E-cad and N-cad 
along with BGJ398 treatment of neurons (left to right). Images were acquired at 20X 
magnification (scale bar= 45 μm)(B) Quantification of number of neurons attached per unit 
area, on 40 kPa hydrogels decorated with N-cad, E-cad, N-cad along with BGJ398 
treatment of neurons and  E-cad along with BGJ398 treatment of neurons (left to 
right)(Nexp=2, p < 0.0005) (C) Box and whisker plots representing the range of neurite 
extension of 1.1 and 40 kPa hydrogels  decorated with N-cad, E-cad, N-cad along with 
BGJ398 treatment of neurons and  E-cad along with BGJ398 treatment of neurons. (nN-
cad/40kPa=74, nN-cad/1.1kPA=40, nE-cad/40kPa=40, nE-cad/1.1kPa=28, nN-cad+BGJ398/40kPa=50, nN-

























Supplementary Fig. 2.1: (Left) Stiffening response of MCF-7 cells over a period of 120 
seconds. Homophilic ligand (E-cadherin) produces a stiffness response while heterophilic 
ligand (N-cadherin) fails to produce a stiffening response. Inhibition of EGFR (gefitinib) 
diminishes the stiffening response. PLL- ligand specificity control fails to produce a 
stiffening response (nbeads> 150). (Right) Stiffening response of C2C12 cells over a period 
of 120 seconds. Homophilic ligand (N-cadherin) produces a stiffness response while 
heterophilic ligand (E-cadherin) fails to produce a stiffening response. Inhibition of FGFR 
(BGJ398) diminishes the stiffening response. PLL- ligand specificity control fails to 
produce a stiffening response (nbeads> 150). 
 
Supplementary Fig. 2.2: Gefitinib treated A431D
E-cad 
cells plated on collagen coated gels for 
6 hours. Gefitinib treatment does not affect the traction exerted by these cells on collagen. 

























Supplementary Fig. 2.3: (A) Neurite extension on integrin blocking 
antibody- did not alter neurite extension on N-cadherin coated substrates. 
(B) Blank substrate did not support neuron attachment. (C) N-cadherin 
blocking antibody while seeding neurons greatly diminished neuron 
attachment on N-cadherin coated substrates (scale bar= 45 μm).  
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It is well established that cells sense substrate rigidity through integrin-based focal adhesions 
(FA) to extracellular matrix (ECM) proteins, in order to regulate cell attachment, spreading, and 
focal adhesion maturation 
1-4
. Studies of cell spreading on nanopatterned and deformable 
substrates or micropillar arrays revealed different biophysical triggers that appear to instruct 
cellular decision-making at different stages of adhesion and spreading
5-8
. The molecular origins 
of those biophysical cues, the forces involved, and their dependence on substrate rigidity are still 
subjects of intensive investigation, motivated in part by evidence that the underlying molecular 
events contribute to stem cell lineage specification and disease 
9-13
. 
Diverse studies identified molecular and cellular processes that guide cell behavior at different 
stages of adhesion and spreading on soft versus rigid substrates. Initial ligation is sufficient to 
activate integrin clustering, without force application
14
. Studies suggested that tension generated 
by integrin-actomyosin clutch engagement switches integrin-ligand cross-links to a higher 




These integrin-mediated processes are altered by substrate stiffness
4
. integrins reportedly 
formed fewer, high affinity cross-links on softer ECM, and analyses of AFM data suggested that 
integrin-ligand bonds are weaker in cells on soft versus rigid substrates
14
.  integrin activation 




   Integrin-mediated cell adhesion and spreading is further postulated to occur in three phases 
governed by membrane tension and forces exerted on integrin bonds 
5, 7
. In the initial attachment 
phase, P0, ligation activates integrins, but the cells remain rounded, if there is insufficient tension 
to activate cell spreading 
14, 15
. Increased tension on focal contacts activates the cell-spreading 
phase (P1), which is characterized by the rapid, circumferential extension of lamellipodia with 
                                                          
1
 Adapted with permission from Rahil Z, Pedron S, Wang X, Ha T, Harley B, Leckband D. Nanoscale mechanics 
guides cellular decision making. Integr Biol (United Kingdom). 2016;8(9):929-935. doi:10.1039/c6ib00113k.  
  
2
Adapted with permission from RAHIL-THESIS-2017, http://hdl.handle.net/2142/98323   
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only weak cell contractions 
7
. The extension of excess membrane increases membrane tension 
5
. 
Upon reaching about 60% of the final spread area, the onset of myosin II activated contractions 
signal the transition to the contractile phase P2, which is distinguished by periodic contractions, 
postulated rigidity sensing, and focal adhesion (FA) maturation. The transitions correspond to 
integrin bond forces, which in turn may be influenced by substrate stiffness. In some cases, the 
forces actuating these changes were estimated using optical tweezers or measured changes in 
membrane tension 
5, 16
. However, determining the force thresholds that activate cellular behavior 
typically involves external perturbations, and biophysical approaches that often lack the 
sensitivity to quantify relevant cellular or molecular forces. 
The development of diverse autonomous, noninvasive force reporters has enabled nanoscale in 
situ measurements of forces exerted on adhesion molecules 
17-22
. Of the various molecular force 
sensors, Tension Gauge Tethers (TGTs) are novel force reporters that are based on a double 
stranded DNA backbone, in which the reporter strand is modified with an adhesion ligand and a 
fluorescent dye Cy3 (Fig. 1C) 
22
. If force exerted on the TGT exceeds the tension tolerance of the 
tether, cells tear the reporter strand off the substrate (Fig. 1B). The ligand position along the 
reporter strand determines the force threshold for dsDNA rupture, or the tension tolerance, Ttol, 
which can be tuned from ~12pN to >100pN (Fig. 1C). The TGTs increase the dynamic range 
beyond, for example, that of force sensors based on spider silk protein 
20
. When anchored to 
substrates, TGTs cap the bond tension, and TGT rupture reports the force exerted on individual 
adhesive bonds. The Cy3 reporter can also be imaged at the single molecule level. 
This study used RGD-modified TGTs to investigate the pico Newton threshold forces on 
individual integrin-ligand bonds required to support cell attachment, and activate transitions in 
cell spreading and focal adhesion maturation on deformable hydrogel substrates. We report 
differences in cell attachment densities, in addition to differences in cell spreading, on soft and 
stiff gels modified with identical tension gauges. Observations in the first 30min revealed that 
cell adhesion and spreading are regulated by novel coupling between substrate rigidity and force 
on integrin bonds. Differences in force thresholds that trigger spreading transitions could not be 
attributed to the bond force alone. We compare these findings with a recent model predicting 
how stiffness dependent strain rates affect competing biochemical processes controlling cell 
adhesion.  Our results estimated the forces thresholds for the predicted transitions, and 




3.2. Materials and Methods 
3.2.1. TGT synthesis. 
Integrin-binding TGTs were generated, by conjugating cyclic peptide RGDfK to one DNA 
strand of a rupturable dsDNA tether. The other strand of the dsDNA was labeled with an acrydite 
tag at a desired position, for tethering to the hydrogel (Fig. 3.1C). The position of the RGDfK on 
the dsDNA determines tension at which the tethers rupture. The complementary ssDNA was 
acrydite-labeled 5-Acrydite/GGC CCG CAG CGA CCA CCC-3. The ssDNAs were purchased 
from Integrated DNA technologies, Inc. The tension tolerance is determined by the position of 
the reactive ThioMC3 and fluorescent Cy3 label in the nucleic acid sequence. The ThioMC3 
positions in different TGTs with the indicated tension tolerance are given below:  
54 pN TGT: 5-/5ThioMC3-D/ GGG TGG TCG CTG CGG GCC /Cy3/-3 
33 pN TGT: 5-/5Cy3/GGGTGGTCGCT/iThioMC6-D/GCGGGCC/-3  
12 pN TGT: 5-/5Cy3/GGGTGGTCGCTGCGGGCC/3ThioMC3-D/ -3 
The cyclic peptide RGDfK-NH2 (catalog #: PCI-3696-PI) from Peptides International, Inc. 
RGDfK was conjugated to ThioMC3 on ssDNA using the hetero-bifunctional crosslinker Sulfo-
SMCC (22622, Thermo Fisher Scientific Inc.), which has reactive maleimide and NHS ester 
groups on the two ends. The maleimide reacted with the thiol-modified DNA and the NHS 
covalently coupled to the N-terminal amine on RGDfK. The RGDfK-DNA and acrydite-DNA 
were then annealed in ‘annealing buffer’ (150mM NaCl, 10mM Tris, PH 7.4) at room 
temperature. In Phosphate Buffered Saline (PBS) at pH 7.4, the melting temperature of the 
dsDNA tethers is 73 °C. 
The control, non rupturable tether was prepared by reacting a 3500 MW Acrylate PEG-NHS 
ester (JenKem Technology USA, Allen, TX) with RGDfK-NH2 at a molar ratio of 24:1 (PEG-
NHS: RGD-NH2), at room temperature in PBS at pH 8.0. Unreacted PEG-NHS was removed, 
using a 10K MW Pierce Concentrator PES (Thermo Scientific, Waltham, MA).  
3.2.2. Hydrogel preparation and characterization. 
76 
 
To generate hydrogels with different Young’s moduli, 7.5kDa PEG diacrylate macromers 
(Jenkem Technology) were mixed at 7 and 10 wt% in PBS, containing the TGT and 0.1% (w/v) 
lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) as a photo-initiator (Fairbanks and 
Anseth, Biomaterials 2009, 30, 6702). The double ring structure of Cy3 sterically hinders 
reactivity of methacrylamide groups in the 54 pN probes, during photo polymerization with 
PEG-diacrylate. Therefore, the initial tether concentration was adjusted in the pre-polymer 
solution to achieve 1.5 μM of covalently bonded RGD for all samples. The initial TGT 
concentrations were 1.5 μM (12pN), 1.2 μM (33pN) and 2.2 μM (54pN). The pre-polymer 
solution was then pipetted into 1 mm thick, circular Teflon molds of 5 mm diameter and exposed 
to 10 mW/cm
2
 UV light (365 nm) for 90s at room temperature. The hydrogel disks were then 
detached from the mold and washed.  
Mechanical analyses of the resulting hydrogels were performed on water swollen hydrogel disks, 
at room temperature via an MTS Insight mechanical testing apparatus at a rate of 20% 
strain/min. The compressive modulus was determined from the linear region corresponding to 0-
5% strain. The relative tether concentrations bound to the hydrogels were determined from Cy3 
fluorescence measurements. The fluorescence intensity was quantified before and after washing, 
and different preparations were compared to assess the relative amounts of covalently bound 
TGTs on each of the hydrogels (Fig. S1). Imaging was performed using a Zeiss LSM 710 NLO 
laser scanning confocal microscope (Carl Zeiss, Thornwood, NY, USA). 
3.2.3. Cell culture and analyses. 
Cells were seeded on 8 different substrates with elastic moduli of 13 and 22 kPa that were 
surface modified with RGD-functionalized TGTs with tension tolerances of 12, 33, or 54 pN. 
The non rupturable PEG-RGD was used as the control for both substrates. These tether forces 
were selected according to previously published data that shows a cells adhesion threshold at 40 
pN. B16F1, CHOK1 and U87MG cell lines (from ATCC) were cultured in DMEM 
supplemented with 10% Fetal bovine serum (FBS) and penicillin/streptomycin (100 U/ml and 
100 mg/ml), at 37 °C in a 5% CO2 environment. Cells were passaged upon reaching confluence. 
For cells cultured on hydrogels, cells were seeded on hydrogel disks at 1 million cells/ml 
concentration, and then incubated for 45min in culture medium at 37 °C, 5% CO2.  
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Cell viability was assessed with a Live/Dead viability assay (Invitrogen) and laser scanning 
confocal microscopy (Zeiss LSM710). Prior to imaging, gels were incubated in PBS containing 4 
mM Calcein AM (λem 515 nm, Invitrogen) to stain viable cells. The number of bound cells per 
area, on each TGT construct, was determined by manually counting the cells using the Image J 
(http://rsb.info.nih.gov/ij/) cell count plug in. 
Cell area was assessed with ImageJ (http://rsb.info.nih.gov/ij/) software, where the threshold of 
the images was manually set to 95% of the pixel intensity. The cells were selected with the Wand 
Function and the area was calculated using built-in area calculator.   
3.2.4. Focal adhesion imaging. 
Focal adhesions were visualized from immunofluorescence images of vinculin at the basal plane. 
Cells were fixed in 4% formaldehyde in PBS, permeabilized in 0.1% Triton X-100 and washed 
in PBS. Cells were blocked with blocking buffer (1w/v% BSA in PBS) for 1 hour at 37°C. Next, 
cells were incubated with anti-vinculin mouse monoclonal primary antibody in 1:150 dilution in 
blocking buffer (Sigma Aldrich Clone V9131) for 45 minutes at room temperature, washed with 
PBS, and then incubated with secondary antibody 1:500 dilution in blocking buffer  (AlexaFluor 
647 anti-mouse (goat 1GG); Invitrogen A21236). The focal adhesions at the basal plane were 
then imaged, using laser scanning confocal microscopy (model LSM 710; Carl Zeiss 
MicroImaging). 
3.2.5. Immunofluorescence imaging of vinculin staining and analysis. 
For vinculin immunofluorescence imaging, cells were seeded at a density of 106 cells/mL of 
which 30μl were added per gel (104 cells/gel). The lower seeding density used facilitated the 
analysis, but did not affect the results, which reported the fraction of vinculin positive cells rather 
than the absolute number per area. Vinculin staining was visualized from immunofluorescence 
images of vinculin at the basal plane of cells on TGT modified hydrogels. Cells were fixed in 4% 
formaldehyde in PBS, permeabilized with 0.1% Triton X-100, and washed in PBS. Cells were 
blocked with blocking buffer (1w/v% BSA in PBS) for 1 hour at 37°C. Next, cells were 
incubated with anti-vinculin mouse monoclonal primary antibody at 1:150 dilution, in blocking 
buffer (Sigma Aldrich Clone V9131) for 45 minutes at room temperature. Cells were then 
washed with PBS, and incubated with secondary antibody 1:500 dilution in blocking buffer 
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(AlexaFluor 647 anti-mouse (goat IgG); Invitrogen A21236). The vinculin staining at the basal 
plane were then imaged, by laser scanning confocal microscopy (20x, model LSM 710; Carl 
Zeiss MicroImaging). The number of vinculin positive cells and the vinculin intensity were 
analysed from DIC and vinculin channel images, at a magnification of 20x, by using ImageJ 
(http://rsb.info.nih.gov/ij/). The region of interest (ROI) was selected by outlining cell boundary, 
using the DIC images. The intensity of vinculin staining was measured from the corresponding 
image in the vinculin (cyan) channel. The intensity threshold in the selected ROI was set at an 
average pixel intensity of 10 units, due to background variation. ROIs which exhibited an 
average pixel intensity of less than 10 units were counted as a zero event, and cells with 
intensities >10units were considered vinculin positive, regardless of the relative intensity. From 
these data, we determined the fraction of vinculin positive cells on the different substrates 
(Figure S6c) 
 
3.2.6. Endocytosis inhibition with MBCD 
To determine whether B16F1 cells on the soft gels tore off and internalized the 12pN TGTs, we 
treated cells with the inhibitor Methyl-β-cyclodextrin (MBCD, Sigma Aldrich C4555). Cells 
were grown to confluence in DMEM with 10% FBS. At 4 hour prior to seeding the cells on the 
hydrogels, the confluent cells in the flask were treated with 10 mM MBCD. After 4 hour, the 
cells were detached with 3mM EDTA, and resuspended in 10 mM MBCD dissolved in DMEM 
with 0.5% FBS. The treated cells were incubated with the gels (12pN TGTs on 12kPa gels) for 
30 minutes at 37 °C in a 5% CO2 atmosphere. In order to visualize individual cells, the cell 
seeding density was reduced to 0.5 x 106 cells/mL, of which 30μl were incubated per gel,. After 
30 minutes, the cells were washed with PBS and imaged. Hydrogels were fabricated as 
mentioned above. In controls, we seeded untreated cells (no MBCD) on 12kPa hydrogels with 
12pN TGTs. Analysis was performed using Image J software (http://rsb.info.nih.gov/ij/), in 
which the Cy3 intensity beneath cells was compared with areas without cells, for both the treated 
and the untreated population. 
 
3.3. Results 
3.3.1. Covalent TGT attachment on hydrogel substrates 
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TGTs with tension tolerances of Ttol of 12pN, 33pN, and 54pN were coupled to substrates at 
similar densities, regardless of the substrate modulus. These Ttol values are below the rupture 
force of individual integrin-RGD bonds 
23
. Tuning the concentration of PEGDA in the pre-
polymer solution altered the crosslinking density and the elastic modulus of the resulting 
hydrogels. Photopolymerized PEGDA solutions of 7 and 10 wt% yielded substrates with moduli 
of 13.1 ± 4.3 and 22.0 ± 2.1 kPa, respectively (Fig. 3.1A,B). The uniform fluorescence indicated 
homogeneous tether coverage (Fig. S1).  
Despite differences in cross-linking density, fluorescence analysis of the Cy3 reporter 
confirmed that the RGD densities were similar (Fig. S1; p<0.05, N=3). The apparent differences 
in the fluorescence intensities measured with TGTs of different Ttol is due, in part, to the fact that 
the location of the Cy3 reporter along the DNA backbone alters the fluorophore mobility and 
quantum yield, apparent from measurements of the TGTs in solution. We cannot completely rule 
out the possibility that intensity differences could reflect some difference in coupling efficiency. 
However, as discussed in the Methods section (Supplemental Information) specific steps were 
taken to insure that TGT loading prior to polymerization would result in the same final 
immobilized TGT concentrations in each hydrogel. 
 
3.3.2. Cell attachment depends on both substrate stiffness and TGT tension tolerance 
Cell attachment density (cells/mm
2
) was assessed at 30min, for all combinations of gel stiffness 
and tension tolerance (Ttol). These DNA tethers differ in the position of force application along 
the tolerance, Ttol) is a determined, constant value; thus, bond failure is independent of the gel 
network structure (i.e. mesh size).  
   The same number of cells was seeded on all gels. After 30min incubations with TGT-modified 
hydrogels, followed by gently washing away unbound cells, we quantified the cell densities on 
the substrates (cells/mm
2
), and assessed whether they extensively ruptured tethers (Fig. 3.2). Two 
different mechanisms appeared to control cell attachment, one being mechanical and the other 
biochemical. The ‘mechanical’ mechanism involved extensive TGT tear off, apparent from the 
cell-sized dark patches (footprints) on substrates where tether tear-off removed Cy3 (and cells) 
from the substrate. Cells often endocytosed the tethers and appeared red (Fig. S2). In the second, 
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biochemically controlled mechanism, the cell densities were low, but the lack of obvious dark 
footprints suggested that additional mechanism(s) regulated cell adhesion.  
On the stiffer, 22kPa gels, the attached cell density increased with increasing tether Ttol. Figure 
2A shows images of B16F1 cells and substrates after 30 min of incubating cells with the 
substrata. No cells remained on 12pN TGTs, and there were numerous cell-sized dark footprints 
in Cy3 images of the gels, indicating that cell detachment resulted from extensive tether tear off  
(Fig. 3.2A, top left). The detection of Cy3 fluorescence on cells washed off the substrates (Fig. 
S2) confirmed tether tear off and endocytosis. On 33pN tethers (22kPa modulus), the cell 
densities were higher, but there was still evidence of some tether tear off. Numerous cells 
attached and spread on 54pN TGTs, and there was no evidence of tether tear-off in the Cy3 
images (Fig. S2C). These trends, and the lack of tear off at Ttol > 34pN agreed with reported cell 
adhesion on TGT-coated glass 
22
. 
Surprisingly, on the softer hydrogels (13kPa), cell densities exhibited the opposite trend; 
namely, cells adhered to all substrata, regardless of the tension tolerance, but the highest cell 
densities were on the 12pN TGT-coated gels (Fig. 3.2B-D). There were no detectable dark 
footprints in images of Cy3 (561 nm) coverage on the gels with 54pN tethers (Fig. S2C); 
consequently, the low cell density was not due to TGT tear off. Consistent with this 
interpretation, the few cells that were attached to 54pN tethers did not take up Cy3. There were 
similarly few cell-sized footprints on the 13kPa gels with either 12pN or 33pN tethers, but most 
of the attached cells were red, indicative of some tether tear off and endocytosis. Interestingly, 
there was a higher fraction of cells with internalized 33pN tethers on 13kPa versus 22kPa gels. 
Tests with CHOK1 and U87MG cells were qualitatively similar, although the absolute attached 
cell densities differed quantitatively (p<0.05, N=3) (Fig. 3.2C-D, Fig. S3). 
To investigate whether the cells adhering to 12pN tethers on soft (13kPa) gels tore off and 
endocytosed some tethers, despite the absence of obvious footprints, we imaged Cy3 on the 
surface underneath cells at higher magnification. As shown in Fig. 3.3D, there were some small, 
dark patches on the substrate at the cell periphery where integrin tension is expected to be 
highest. However, tethers under the cell body remained intact. The imaged cells were red, 
indicative of tether endocytosis.  Endocytosis was confirmed by the uniform fluorescence 




To confirm that the inverse relationship between attached cell densities and Ttol on soft gels 
was due to the coordinate effects of substrate rigidity and integrin bond tension, rather than 
different ligand densities, we tested cell attachment and spreading with control, RGD-modified 
hydrogels. With 13kPa and 22kPa gels modified with the non rupturable PEG-RGD ligand, more 
cells attached to the stiffer (22kPa) gel. This was expected, based on reported positive feedback 
between integrin tension and the activation of a high affinity integrin state and subsequent cell 
spreading (Fig. 3.2) 
14
. Additionally, cells on 13kPa gels fabricated with a higher 12pN tether 
concentration also remained round. The control measurements confirmed that the low cell 
densities on soft, TGT-modified gels were not due to differences in ligand accessibility (Figs. 
3.1A-D,S3).  
 
3.3.3. Substrate stiffness regulates cell attachment and spreading on intact TGTs. 
Both membrane and actomyosin-generated tension reportedly influence integrin-mediated cell 
adhesion and spreading, but at distinct, different phases 
5, 7, 24
. To test whether the inability of 
cells to spread on and rupture 12pN TGTs on 13kPa gels was due to the arrested transition to 
spreading P1 and contractile P2 phases, we imaged vinculin at the basal plane. Vinculin—an 
actin binding protein—is a common marker for FAs 
25
. These measurements tested whether 
nascent focal adhesions formed on compliant, low Ttol, substrates. 
Fig. 3 shows phase and vinculin immunofluorescence images at the basal planes of cells on the 
different substrates 30min after seeding. In all cases, within this time frame, vinculin and actin 
staining were diffuse, but there were clear, substrate-dependent differences. Vinculin was 
observed at the basal plane of cells on 54 pN tethers, regardless of the substrate stiffness (Figs. 
3.3A). By contrast, although more cells adhered to 12pN tethers on soft gels (than on 54pN 
tethers), they remained round and there was no vinculin staining at the basal plane (Fig. 3.3A). 
Generally, cells spread more on higher Ttol substrates, regardless of the gel stiffness (Table S1). 
However, the lack of spreading or vinculin recruitment to focal contacts on soft gels with 12pN 
TGTs indicates that the cells were unable to transition to the spreading P1 phase, and suggests 
that the spreading transition threshold is between 12pN and 33pN on the soft gels. This value is 





On 33pN tethers, integrin adhesions recruited vinculin on the stiffer 22kPa gels, but not on the 
13kPa gels (Fig. S5). Although integrins did not activate vinculin recruitment or extensive tether 
rupture on the 13kPa gels, they did tear off and internalize some tethers. Thus, softer gels 
reduced the force cells exerted on individual 33pN tethers, altering both tether tear off and 
vinculin recruitment, relative to that observed on 22kPa gels. 
All cells on 54pN tethers recruited vinculin to the basal plane, but substrate stiffness influenced 
whether cells remained attached and spread, or detached without extensive TGT rupture. In 
contrast to cells on 12pN tethers, cells did not rupture and internalize 54pN tethers on soft 
substrata. Instead, they appeared unable to sustain stable integrin adhesions, and detached. 
 
3.4. Discussion 
These findings revealed nanoscale coupling between substrate stiffness and force thresholds 
controlling transitions in cell adhesion and spreading. This is evidenced by two related trends 
observed with soft (13kPa) versus stiff (22kPa) gels modified with tethers with different tension 
tolerance. First, the densities of attached cells on soft gels decreased with increasing tether 
tolerance, but on stiffer gels, the trend was reversed. Because cells were seeded at identical 
densities in all cases, these trends reflected biochemical responses to substrate mechanics rather 
than variable cell seeding. Second, observed cell spreading and the extent of tether tear off 
demonstrated that matrix stiffness altered forces that control cell attachment and spreading.    
Forces on focal contacts are presumed to alter underlying transitions in cell spreading and focal 
adhesion maturation, when they exceed thresholds for force-activated biochemical processes 
such as integrin activation or talin unfolding 
5, 7, 26-28
. An open question has been whether cellular 
decision-making depends solely on the tension on integrin bonds, or whether substrate stiffness 
also modulates underlying biochemical processes.  
Our results with 12pN TGTs clearly demonstrated the influence of substrate stiffness on cell 
behavior. On stiff gels, cells quickly generated sufficient force to extensively rupture tethers and 
detach, leaving dark footprints on the gels. By contrast, on soft gels, the reduced tether rupture 
was limited mainly to small regions at the cell periphery. More cells remained attached to 12pN 
tethers on soft than on stiff gels. Although there was some vinculin detected at the basal plane of 
the few remaining cells on 22kPa gels with 12pN tethers, cells on 13kPa gels failed to either 
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activate vinculin recruitment or extensively tear off tethers. These differences exposed coupling 
between bond tension, substrate mechanics, and cell biochemistry. The fluorescence intensity in 
13kPa gels with 12pN tethers was lower than in the 22kPa gels. This could be due in part to 
microenvironment influences on the Cy3 fluorescence. Tether concentrations were adjusted prior 
to polymerization to achieve similar gel loading. We also found that doubling the 12pN tether 
concentration in 13kPa gels did not alter the results; attached cells remained round and there was 
no increase in tether tear-off. Importantly, reducing integrin ligand density was predicted to 
increase the force on individual integrin-talin-actin linkages 
28
, and thereby reduce the substrate 
stiffness at which talin unfolds and activates vinculin recruitment. The latter trend is opposite to 
our findings, supporting the conclusion that the lack of spreading was not due to low ligand 
density.  
On soft matrices, cells exhibited extensive  integrin internalization
9
, and bond strengths were 
below levels needed to stabilize integrin ligation 
29, 30
. The latter behavior would account for 
decreasing cell densities on soft gels with 33pN and 54pN tethers. A recently proposed model 
accounts for this behavior in terms of competition between force-dependent rates of integrin-
ligand bond rupture and talin unfolding
28
. If force-loading were slower on soft versus stiff 
matrices, then substrate stiffness would influence the relative rates of integrin bond detachment 
and talin unfolding with subsequent vinculin recruitment. This dynamic clutch model predicted 
how extracellular matrix parameters would alter substrate stiffness at which contractile forces 
would unfold talin. Our results are consistent with the model predictions, and also estimate the 
forces involved. They also estimate forces involved in initial clutch engagement.  
Cells on soft gels with 12pN TGTs ruptured and internalized some tethers, but the 12pN cap 
was insufficient to activate membrane spreading (P1) on soft gels, and cells remained attached 
but round (P0). Consistent with the dynamic clutch model, postulated faster force-loading on 
stiffer (22kPa) gels would increase the load on integrin-RGD bonds rupture faster than the bond 
rupture rate, resulting in greater 12pN tether tear-off, as observed. 
The reduced tear-off and high cell densities on 12pN tethers on soft gels indicated that forces 
on the surviving tethers were < 12pN. The cells did spread on 33pN and 54pN tethers on the soft 
gels, suggesting that the 12pN cap arrested cell spreading. We speculate that the low-tension cap 
impairs actin-clutch engagement. Our results suggest this process requires forces >12pN, in 
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remarkable agreement with optical tweezers measurements of ~10pN forces required to activate 
increased integrin bond strength 
30
.  
On 33pN tethers, the substrate stiffness similarly altered the attached cell densities, and altered 
the apparent force threshold at which cells transitioned from spreading P1 to contractile P2 
phases, as marked by talin-dependent vinculin recruitment. The cell density was higher on soft 
relative to stiff gels (Fig. 3.2B), despite similar tether coverage, but the fraction of vinculin-
positive cells on 13kPa gels was significantly lower (Fig. S5B,C). The latter finding agrees with 
the predicted stiffness-dependent shift towards greater integrin-ligand bond rupture, with 
correspondingly less talin unfolding and vinculin recruitment 
28
, as we observed.  
On soft gels, capping the force at 33pN impaired the transition to P2, since a higher fraction of 
adherent cells on 54pN tethers recruited vinculin to the basal plane. The latter results suggest a 
threshold force for the P1P2 transition of ~33pN, in good agreement with the 37pN estimated 
from membrane tension measurements 
5
.  
The 54pN tethers supported vinculin accumulation at the basal planes of cells on both soft and 
rigid gels, but more cells detached from the soft substrates without extensive tether tear off. The 
absence of tear off indicated that the force on the nascent focal contacts was below 54pN. It is 
noteworthy that, in a recent study, reported forces exceeded 100pN in mature focal adhesions 
31
. 
On soft gels, we attribute the difference in cell densities and spreading on 12pN versus 54pN 
tethers to two, different force-dependent processes. The dynamic clutch model predicts the lower 
cell density on 54pN tethers on soft versus stiff gels, since softer substrates would favor integrin 
bond rupture whereas stiffer substrates would favor vinculin activation and adhesion 
stabilization
28
, as we observed. The few cells that remained attached exhibited the P1P2 
transition, controlled by talin unfolding and vinculin recruitment. The latter cells were a small 
fraction of the overall cell population; the majority of cells detached. By contrast, on soft, 12pN 
gels, cells appeared unable to engage the actin clutch and hence any of the mechanical machinery 
directing cells on 54pN tethers.  
Our reported areas of spread cells (Table S1) agreed with another report of the dependence of 
cell spreading as a function of tension tolerance 
32
. Cell spreading depends both on bond density 
and tension, and tether failure reduces bond density. Additionally, spreading areas reportedly 
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plateau on substrates with moduli > ~5kPa. Thus, spreading differences reflect the combined 
effects of the bond tension capped by TGTs and surviving integrin bonds.  
These findings provide new insights beyond cell spreading behavior reported previously 
32
. 
Importantly, here we considered attached cell densities, which reflect coordinated influences of 
substrate stiffness and receptor biochemistry (bond tension). Second, we estimated the force 
thresholds for postulated spreading transitions, and demonstrated quantitatively that the ECM 
stiffness shifts those thresholds and cell attachment behavior. Third, our investigation of cells on 
12pN tethers revealed an early, low-tension transition that we attribute to actin clutch 
engagement, but was not explicitly considered in the dynamic clutch model.  
Postulated mechanisms of rigidity sensing have invoked both strain rates and displacements. 
Indeed, quantized micropillar displacements by attached cells appear to be due to tropomyosin-
dependent, rigidity-sensing units that operate during the contractile spreading phase
33
. Our 
results are consistent with a model based on postulated stiffness-dependent strain rates 
28
. 
Assumed stiffness dependent strain rates have yet to be verified experimentally, but displacement 
differences alone would not account for the destabilized integrin-ligand bonds on soft substrata, 
for tension tolerances >12pN. Importantly, TGTs alone cannot unambiguously distinguish 
between mechanisms. However, these results generated novel insights into mechanically 
sensitive processes in cell adhesion and spreading.  
In summary, autonomously-force-limiting TGTs exposed nano-mechanical coupling between 
substrate mechanics and forces regulating cell attachment and spreading. Our results agree, in 
part, with a recently proposed dynamic clutch model of stiffness-dependent competition between 
the kinetics of integrin bond rupture and talin unfolding. Our findings further indicate force 
thresholds for different biochemical and mechanical processes, and links between stiffness-











Fig 3.1. Schematic of the force response of TGTs on soft substrates. (A) Cell attachment to 
TGT modified hydrogels with elastic moduli of 13kPa (soft) and 22kPa (rigid). (B) Cells 
deform the substrates until the tension exceeds Ttol and the cells tear off the sensing strand 
(yellow jagged arrow). (C) DNA duplex tethers with tunable tension tolerance Ttol. The 
anchor DNA is covalently linked to the gel through polymerizable monomers (yellow 
triangles). The ‘reporter’ strand contains a 3’ Cy3 dye (red circle) and the location of the 
RGD peptide along the strand (green pentagon) determines the Ttol values of the different 





























Fig. 3.2 Confocal images of adherent melanoma cells (B16F1) on soft substrates of different 
stiffness and tension tolerance. (A) Green designates Calcein A cell staining (Live/Dead 
assays). Scale bar 200 mm. (B) Red designates Cy3 from the TGT. Scale bar 200 mm. (C) Cell 
density as a function stiffness and tension tolerance for B16F1. The error bars represent S.E.M. 
*p o 0.05 between different stiffness groups and #p o 0.05 between different tether tolerance (at 
same gel stiffness). (Nexp = 3). (D) Comparison of Calcein A cell staining and DIC images on 
54 pN, 13 kPa and 54 pN, 22 kPa substrates. Scale 





























Fig. 3.3 (A) Phase and Cy3 channel images of the basal plane of cell, plated on 13 kPa substrates 
decorated with 12 pN TGT. Cells were plated with and without MBCD treatment. The arrow 
indicates loss of fluorescence. (B) Cy3 channel images showing the uptake of TGT in cells with 
and without MBCD treatment. The arrow indicates the gain of fluorescence or the uptake of 





























Fig 3.4. (A) Vinculin staining (cyan) of B16F1 cells to show the recruitment of vinculin 
at basal plane on substrates of different stiffness and tension tolerance, imaged under 
identical conditions. Cropped from images present in figure S5. Scale bar 50 mm. (B) 









 =45). (C) Model of RGD binding 
on stiff (left) and soft (right) substrates. (D) Phase and Cy3 channel images of  the basal 
plane of cell, plated on 13 kPa substrates decorated with 12pN TGT. Cell were plated 
with and without MBCD treatment. The arrow indicates loss of fluorescence. Scale bar 


































Supplementary Fig 3.1. Comparison of TGT coverage on different substrates. (A) Fluorescence image of 
the surface of Cy3-labeled TGT constructs with different combinations of tension tolerance (12, 33, and 
54 pN) and hydrogel stiffness (13 and 22 kPa) after washing. Scale bar 200 μm. (B) Fluorescence 
intensity (arbitrary units) quantified the Cy3 fluorescence from the different gel/TGT substrate 
combinations shown in A. TGT fluorescence was assessed for all substrates, and the TGT concentration 
during polymerization was adjusted to account for potential differences in reactivity during PEGDA 






























Supplementary Fig 3.2. (A) Overlay of Calcein (green) and Cy3 (red) images of B16F1 cells on 22kPa 
gels modified with 12pN TGTs. (B) Cy3 image of B16F1 cells collected in the wash from the gels in A. 
The Cy3 cell labeling is indicative of internalized, ruptured 12pN RGD tethers. (C) Magnified image of 
the region of interest indicated by the white rectangle in B. (D) Overlay of Calcein and Cy3 channel 
images of B16F1 cells on 15kPa gels modified with 12pN TGTs. (E) Image of B16F1 cells collected 
from the wash of substrates in D. There were no cells with detectable levels of Cy3 uptake. (F) 
Magnified (63X) image of the region of interest in the white triangle in D. (G, H) Cy3 channel image of 
22kPa gels with 54pN and 33pN TGTs, and seeded with B16F1 cells. A few dark footprints can be seen 
on the 22kPa gel modified with the 33pN tether. (I, J) Cy3 channel image of 13kPa gels modified with 






























Supplementary Fig 3.3. Confocal images of adherent glioma cells (U87-MG) on 13kPa and 
22kPa substrates modified with TGTs of different tension tolerance. (A) U87-MG cells 
stained with Calcein A (Live/Dead assay) on the different substrates. Scale bar 200 μm. (B) 
Cy3 images of the indicated substrates. Scale bar 200 μm. (C) Cells/mm2 as a function of the 
substrate elastic modulus (kPa) and tension tolerance of the TGTs. *p<0.05 between different 





























Supplementary Fig 3.4. Confocal images of adherent CHOK1 cells on soft substrates of 
different stiffness and tension tolerance. (A) Calcein A stained (Live/Dead assay) CHOK1 
cells on the different substrates. Scale bar 200 μm. (B) Cy3 (Red) images of the indicated 
substrates. Scale bar 200 μm. (C) Cells/mm2 as a function of the substrate elastic modulus 
(kPa) and tension tolerance determined with CHOK1 cells. *p<0.05 between different stiffness 





























Supplementary Fig 3.5. Tether rupture and internalization by B16F1 cells on different 
substrates. (A) Difference in florescence intensity beneath B16F1 cells on 13kPa gels with 
12pN tethers ±MBCD (N=2, n-MBCD =41, n+MBCD =46). (B) Fraction of TGT positive 
attached cells cells, which appeared red due to TGT uptake. (n12pN,13kPa = 1119, 



























Supplementary Fig 3.6. (A) Phase and Vinculin immunofluorescence images (20x) (cyan) 
of B16F1 cells on substrates of different combinations of stiffness and tension tolerance. 
Scale bar is 100 μm.*Brightness and contrast of the DIC images has been adjusted. (B) 
Quantification of the average vinculin intensity at the basal planes of the population of 
cells on the different substrates (N=2, n12pN,13kPa =30, n33pN,13kPa =56, n54pN,13kPa 
=36, n12pN,22kPa =8, n33pN, 22Pa =51, n54pN,22kPa =45). *p<0.05 between different 
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4. Concluding remarks and future directions 
This thesis focuses on dissecting the mechano-selectivity and the intracellular force transduction 
ability of epithelial cadherins by investigating cadherin ligand specificity, force transduction and 
the role of receptor tyrosine kinases in early mechanotransduction activity using the exogenous 
expression of RTKs, inhibitors and customized mechanotransduction tools.  This study reiterates 
that it not the differences in the pairwise adhesion strength which drives the differences in force 
transduction at the cadherin junction. But it is the presence of a correct trans-homophilic binding 
partner which is required for increased force transduction at the cadherin complexes.  
In chapter 2, the findings suggest that homophilic ligation in trans- and cadherin associations 
with cognate receptor tyrosine kinase in cis- comprise a combinatorial, mechano-chemical 
switch. That is, specific combinations of cadherin, ligand, and RTK appear to be required for 
force-activated RTK-dependent signaling, activation of cell contractility, and cytoskeletal 
remodeling at perturbed cadherin adhesions. These results demonstrate the E-cadherin and N-
cadherin coordinate with EGFR and FGFR-1, respectively to amplify mechanical differences 
between heterophilic and homophilic cadherin adhesions that in turn result in the selective 
stabilization of homophilic contacts. 
A future direction pursue in this study is to investigate the role of biochemical machinery that is 
responsible for the RTK-dependent increase in cell contractility. Possible biomolecule of interest 
is the Rho-A. Rho-associated kinase (Rho-kinase/ROCK/ROK) is an effector of the small 
GTPase Rho.  Rho-A regulates stress fiber formation and cell contraction. The activation of Rho 
A can be effectively studied using a Rho-A FRET biosensor. This biosensor can be used to 
characterize and quantify the spatiotemporal distribution of Rho-A activity in cells upon 
heterophilic and homophilic ligation in the absence and presence of respective RTK binding 
partners, which are required for force transduction. This would validate the involvement of Rho-
A in increased contractility at homophilic junctions in the presence of the correct RTK. Another 
possible way to address the role of Rho-A is by using a pharmacological inhibitor against Rho-A, 
and study whether inhibiting Rho-A affects the increased contractility arising from homophilic 
ligation and RTK-cadherin interaction.  
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In this study, it was observed that the differences in traction forces were magnified on stuffer 
hydrogels (40 kPa), but no differences were seen on softer gels. We speculate that these 
differences arose from insignificant activation of RTKs on softer gels. Future studies can be done 
on hydrogels of intermediate stiffness (7.7kPa) to observe whether the same trend is observed 
regarding traction generation and α-catenin activation. 
 Findings in chapter 2 are in accordance with the previous model of catenin-based force 
transduction (Yonemura et al., 2010). It has been established that α-catenin is essential for force 
transmission and transduction, because it links cadherin to the cytoskeleton, enabling force 
transmission, and docks vinculin to facilitate actin remodeling. These results emphasize that 
RTKs are also components in the cadherin force-transduction machinery. However, it is 
important to point out that the focus of this thesis was on EGFR and FGFR-1, but E- and N-
cadherin also interact with other RTKs. E-cadherin associates with Met and insulin growth factor 
receptor, when overexpressed. 
Similarly, N-cadherin also interacts with platelet-derived growth factor receptor. The potential 
force sensitivity of alternative cadherin/RTK pairs has yet to be explored, but some findings hint 
at possible context-dependent mechanical functions. The in-depth study of mechanotransduction 
phenomenon concerning other adhesive junctions and membrane receptors will help design 
principles for in vitro tissue engineering, controlling or developing models of cancer metastasis 
and treat mechano-transduction related diseases. 
Chapter 3 revealed nanoscale coupling between substrate stiffness and force thresholds 
controlling transitions in cell adhesion and spreading. This was seen by two related trends 
observed with soft (13 kPa) versus stiff (22 kPa) gels modified with tethers with different tension 
tolerance. First, the densities of attached cells on soft gels decreased with increasing tether 
tolerance, but on stiffer gels, the trend was reversed. Because cells were seeded at identical 
densities in all cases, these trends reflected mechanical and biochemical responses to substrate 
mechanics rather than variable cell seeding. Second, observed cell spreading and the extent of 




In chapter 3 postulated mechanisms of rigidity sensing invoked both strain rates and molecular 
displacements linked to substrate deformation. Although differences in strain rates have yet to be 
verified experimentally, displacement differences alone would not account for the observed 
destabilized integrin–ligand bonds on soft substrata. Even though these results generated novel 
insights into mechanically sensitive processes in cell adhesion and spreading it will be 
worthwhile to verify differing strain rates experimentally.  
 
 
 
 
 
 
 
 
